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The partial oxidation of methane was studied in two 
high pressure reaction systems; one designed for a pressure 
of 25,000 psi at 1000°F and the other designed for a pressure 
of 200,000 psi at 800°F. The methane-oxygen ratio of the 
feed mixture varied between 10:1 and 11.6:1. Reactor pres­
sure was varied from 2000 to 200,000 psi and the initial 
temperature was varied between 476 and 640°F. A combination 
of chromatography and volumetric methods was used to analyze 
the products.
In the oxidation of methane pressure has a strong 
influence on the product distribution. In general an in­
crease in pressure increases the yield of methyl alcohol 
and other oxygenated organic liquid products. At a given 
pressure the maximum yield of methyl alcohol occurs at an 
initial temperature corresponding to a relatively short 
residence time. The cool flame phenomenon was observed at 
high pressures for the first time. The nature and surface 
condition of the vessel affect the kinetics of the oxidation 
process as well as the product distribution.
The most plausible mechanism for the partial oxida­
tion of methane at high pressures is by a chain mechanism
iii
with degenerate branching. In this proposed mechanism the 
rate of formation of formaldehyde must be considered since 
the speed at which it occurs at isxtreme pressures is most 
likely commensurate with the rate-controlling step.
It has been demonstrated that high pressure equip­
ment can be fabricated for studying chemical reactions in 
fluid systems of at least 500 cubic centimeters at pressures 
up to 200,000 psi and temperatures up to 800®F.
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THE SELECTIVE OXIDATION OF METHANE AT HIGH PRESSURES
CHAPTER I 
INTRODUCTION
The partial oxidation of hydrocarbons has a very 
important role in the utilization of petroleum stock since 
the incomplete oxidation leads to the derivation of many 
intermediate products in heavy organic synthesis. For many 
years the partial oxidation of methane has been the object 
of numerous investigations in an attempt to elucidate the 
reaction mechanism of methane oxidation and to aid in eluci­
dating the reaction mechanism of hydrocarbon oxidation in 
general. The majority of oxidation studies on methane have 
been carried out at atmospheric or subatmospheric pressures 
whereas only a limited number of investigations have been 
carried out at elevated pressures.
Pressure is an important control variable in chemical 
reactions since pressure shifts, the reaction equilibrium and 
affects the reaction raLe. The effect of pressure on the 
reaction product distribution is the primary interest of 
this study.
2
With the accumulation of technological information 
and the availability of ultra-high strength steel alloys, 
reaction systems to study the effect of pressure on chemical 
reactions at higher pressure levels can now be constructed. 
It is not uncommon to find complete units which can attain 
pressures in the vicinity of 100,000 psi and small scale 
equipment is now available which can attain pressures up 
to 200,000 psi (81).
The primary objectives of this investigation were:
(1) to develop experimental equipment for studying chemical 
reactions in fluid systems of about 500 cc volume at pres­
sures up to 200,000 psi and temperatures up to 800°F and
(2) to demonstrate the utility of this equipment by con­
ducting a comprehensive study on the partial oxidation of 
methane at high pressures.
Anticipating that the fabrication time for such a 
system would be at least a year it was decided that prelimi­
nary exploration of the reaction at elevated pressures would 
be profitable. Originally this temporary system was to be 
used for developing techniques and operating procedures for 
controlling thé rate of reaction; however sufficient time 
was available before delivery of the 200,000 psi system 
to obtain data on the partial oxidation of methane.
Data on the partial oxidation of methane carried out 
in the intermediate pressure apparatus were obtained at 
pressures ranging from 2000 to 15,000 psi and temperatures
3
ranging from 550 to 645®F. Limited data on the partial 
oxidation of methane carried out in the 200,000 psi system 
were obtained at pressures ranging from 15,000 to 200,000 psi 
and temperatures ranging from 476 to 517®P
CHAPTER II
THEORETICAL CONSIDERATIONS
Gas-phase oxidation of hydrocarbons belongs to the 
general class of chain reactions with degenerate branching. 
This chapter is devoted to a summary of the current state 
of the theory relating to the various reaction mechanisms 
which have been proposed. In the first section the prin­
ciples of chain reaction theory are briefly reviewed and 
in the second section Semenov's theoretical development 
of the mechanism for methane oxidation at low pressures is 
presented. The theoretical aspects of the mechanism for 
methane oxidation at high pressures is discussed in the 
third section.
Basic Principles of Chemical Chain Reactions
The failure to explain the experimental data of 
many chemical reactions with a mechanism represented by 
a direct reaction betv/een molecules was the basis for the 
formulation of chain theory for chemical reactions. Semenov 
(64) has stated that in every chemical reaction uni- or bi- 
molecular reactions and a chain process are occurring 
simultaneously; therefore the mechanism is determined by
4
the relative rates of the competitive reactions. For a 
chemical reaction in which the rate of the chain process 
is predominate over the direct reaction rate, all chain 
reactions that are possible from the standpoint of structure 
are taking place. Since the rates of these chain processes 
are quite different, one particular chain process usually 
predominates and determines the experimentally observed 
rate and the composition of the intermediate and final 
products. Under different conditions, particularly at 
different temperatures, the controlling chain process may 
yield to another chain process vdiich may alter the final 
products. In such cases there is a transition region in 
which both chain processes may occur with essentially equal 
rates and, as a result, a large variety of products are 
possible.
The essence of chain theory is the existence of 
active centers (free radicals and atoms) which are respon­
sible for the mechanism of the chain process. The high 
chemical activity of these active centers is responsible 
for the development of the chain process since the free 
radical is capable of reacting with molecules accompanied 
by low energies of activation. The small activated energy 
associated with such reactions is attributed to the free 
electron of the free radical acting on the electrons forming 
the bonds in the molecule. The continuation or propagation 
of the chain process is based on the indestructibility of
6
the free radical during the reaction of a free radical with 
a molecule, i.e., the formation of a new radical for each 
reaction between a free radical and a molecule.
With the above concepts the initiation step which 
involves the formation or generation of free radicals from 
molecules is the only step which requires a significant 
energy consumption. Even though a high energy consumption 
is required for the initiation step, the comparable ease 
of the chain propagation step often enables the chain re­
action to proceed rather than the direct reaction of 
molecules.
Termination of the chain usually involves one of 
the following: (1) quadratic breaking which is the recom­
bination in the gas-phase of two free radicals to form a 
molecule, (2) the adsorption of the free radical on the wall 
of the reaction vessel with subsequent recombination, and (3) 
reaction of the free radical with an impurity to form a 
less-active free radical which eventually leads to recombi­
nation. The last two types of chain termination are denoted 
as linear breaking.
In the following discussion and mathematical treat­
ment the terminology and nomenclature are essentially those 
presented by Shtern (65).
Before reviewing the kinetics of chain reactions 
there are several definitions and terms which should be 
discussed. The chain length, denoted by y, is defined as
7
the number of chain steps occurring between the initiation 
step and the termination step or the number of elementary 
reactions stimulated by an active center. The symbols used 
to denote the probability of chain breaking and the prob­
ability of chain branching are /5 and 6, respectively. The
kinetic coefficients are defined as the product of the
specific rate constant and the concentration of the molecule 
taking part in the reaction. In the case when only free 
radicals take part in the reaction, i.e., no molecules take 
part in the reaction, the kinetic coefficient and the spe­
cific rate constant are identical.
The reaction rate of any chain reaction is approxi­
mately equal to the rate of chain propagation since the 
rate of chain initiation is negligible in comparison with 
the rate of chain propagation; stated mathematically
W = an (2-1)
where W is the rate of reaction, a is the kinetic coefficient
of the chain propagation step, and n is the concentration of 
activé centers.
The concentration of the active centers is determined 
by solving the appropriate differential equation for the rate 
of change of the concentration of active centers with the 
condition that the concentration at the start of the reaction 




W = --- (1 - (2-2)9
where a and g are the kinetic coefficients of propagation 
and termination, respectively, and t is time.
Inspection of Equation (2-2) shows that, after the 
transient portion of the rate (e“^^) becomes negligible in 
comparison with unity, the rate of reaction and the concen­
tration of active centers n remain constant. So long as 
the decrease in the concentration of the initial reactants 
does not affect the chain propagation step, the above will 
hold.
Chain reactions have the property of producing new 
chains by branching. Chain branching is the result of a 
free radical and a molecule reacting to give three mono­
valent radicals or one monovalent and one divalent radical 
instead of only one free radical. The original chain propa­
gation is continued by one of the radicals and new chains 
may be started by the other radicals. Since the branching 
step continues the chain and also generates new chains, the 
branching step opposes chain breaking.
In the course of a branched reaction there are three 
possibilities: (1) the probability of chain termination is
greater than the probability of branching (/3 > Ô) , (2) the 
probabilities of chain breaking and chain branching are 
equal (/3 = 6) , and (3) the probability of chain termination 
is less than the probability of chain branching ()3 < 6) .
9
The first possibility in a branched reaction (/3 > 6) 
leads to the following expression for the rate:
(2-3,
where f is the kinetic coefficient of chain branching. Since 
the kinetic coefficient of breaking is greater than the 
kinetic coefficient of branching, i.e., g > f, this type of 
branched reaction exhibits the same properties as the un­
branched chain reaction.
In the particular case when /3 = 6 (or g = f) the 
rate of reaction becomes
W = aW^t (2-4)
It is obvious that this type of branched reaction is non- 
stationary since the reaction rate and the concentration of 
active centers increase linearly with time. Although these 
branched reactions include both a termination step and a 
branching step, the reaction, once started, cannot be stopped 
until the consumption of initial reactants affects the chain 
process.
The rate of reaction for the case when /S < 6 (or 
g < f) is
„ = <2-5,f - g
For relatively large values of t. Equation (2-5) reduces to




A = f _ g and p = f - g
This type of branched reaction (/3 < 6) proceeds as if the 
termination step were nonexistent; therefore the reaction 
is auto-accelerating with respect to time.
It should be pointed out that in the preceding 
discussion on chain reactions it has been assumed that only 
one active center has participated in the reaction. For 
the majority, of chain reactions more than one free radical 
is responsible for the chain process. Therefore, in the 
development of an expression for the overall rate of reac­
tion, it is necessary to set up as many differential equa­
tions as there are active centers:
dn.
— - = f(n , n_, ..., n ) (2-7)dt i. ^ 1
In principle the system of differential equations 
can be solved; however, by using the method of quasi-station- 
afy concentrations the determination of the concentrations 
of the free radicals is simpler. This method is based on 
the hypothesis that throughout the whole chain process the 
concentrations of the free radicals are considerably less 
than those of the reactants since the lifetime of these radi­
cals is extremely short compared with the duration of the 
reaction. The assumption is made that the active centers 
are at steady state, or
11
dn-
^  = o (2-8)dt
As a result of this approximation the concentration of the 
free radicals can be determined in terms of the reactants 
and the constants for the elementary radical reactions.
In the majority of cases the free radical respon­
sible for a branching process reacts considerably slower 
than the other radicals participating in the chain reaction. 
The activation energy for this branching step is usually 
greater than the activation energy associated with the propa­
gation step; therefore the concentration of the radical re­
sponsible for branching is considerably greater than the 
concentrations of the other radicals. • Since the radical 
responsible for branching cannot be considered as steady, 
a modification of the method of quasi-steady states must be 
used. For this case it can be assumed, without a considerable 
loss in accuracy, that the remaining free radicals are at 
steady state, i.e., dn^/dt = o. With this assumption only 
the differential equation for the non-stationary free radical 
remains.
The existence of another class of chain reactions 
was recognized in the early 1930's and designated as chain 
reactions with degenerate branching. This type of chain 
process exhibits the same self-acceleration that branched 
reactions exhibit in chain ignition; however the acceler­
ation is many times slower. The same law for acceleration
12
applies to these reactions, i.e.,
W = (2-6)
The time required for the rate to increase e times in degen­
erate branching reactions may be minutes or hours whereas 
the time required in chain ignition may be a fraction of 
a second.
The basis of the mechanism for reactions with 
degenerate branching is that intermediate molecular products 
are responsible for the branching step. These intermediate 
molecular products, formed in the chain propagation step, 
can form primary free radicals with greater ease than the 
original reactants. The rate of formation of primary radi­
cals from these intermediates then determines the charac­
teristic time for self-acceleration.
Theoretical Development of the Mechanism for 
Methane Oxidation at Low Pressure
The mechanism of the gas-phase oxidation of methane 
at low pressures appears to be well established with only 
a few obscurities still remaining to be answered. This 
section is devoted to the theoretical development of the 
mechanism of methane oxidation as presented by Semenov (64) 
and is included to illustrate some of the theoretical 
aspects of the kinetics of chain reactions.
After considering all the available data on the 
oxidation of methane at low pressures (one atmosphere or
13
less), Semenov proposed the following mechanism:
0
5'
CH^ + O2 -» CH^ + HO2
CH3 + O2 ^ HCHO + OH
OH + CH4 -» H2O + CH3
OH + HCHO -+ H2O + HCO
HCHO + O2 ^ HCO + HO2
HCO + 0-5 -» CO + HO'
HO2 + CH4 -» H2O2 + CH3
HO2 + HCHO -» H2O2 + HCO 
wallOH ---- ► chain breaking
HCHO —- "  > chain breaking
The initiation step is the reaction between methane 
and oxygen to give ÔH3 and HÔ2 radicals. The activation 
energy for this initiation step is 55 kcal/mole. At the 
beginning of the reaction when little formaldehyde is 
present, the rate of reaction is
"cH4 ° (2-8)
where k^ is the specific rate constant. Using a pre-
"10exponential term or frequency factor equal to lO” in the 
Arrhenius equation, the rate of initiation is
14
g-55000/RT (2-9)
Formaldehyde, the main intermediate product, is 
the intermediate product responsible for the degenerate 
branching step. Theoretical analysis (64, Chapter VII) has 
shown that the degenerate branching step is
HCHO + 02"» HÔ2 + HCO (2-10)
The activation energy for this step is 32 kcal/mole and 
since the reverse reaction is a recombination of radicals 
with a low activation barrier, the activation energy of this 
reaction must be close to its endothermicity. Therefore, 
additional free radicals are produced with greater ease in 
the degenerate branching step than in the initiation step.
As formaldehyde accumulates, radical initiation 
also occurs by step 3 at a rate
% CH O  = kg [HCH0][02] (2-11)
where kg is the specific rate constant. Using a pre­
exponential term or frequency factor equal to 10“^^, the 
rate becomes
% C H O  ~ 10"^° g-32000/RT [HCHOlCOg] (2-12)
The ratio of the rates of the degenerate branching 
step and the initiation step becomes
kg [HCH0][02] 23000/RT CHCHO]R = — -----------  w e - (2-13)k [CH^] [O ] LCH4]
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As a result the reaction proceeds immeasurably small at 
first, and as the formaldehyde accumulates the rate acceler­
ates progressively. The time required for the accumulation 
of the formaldehyde to a certain concentration constitutes 
the observed induction period.
Chain propagation is the result of the following 
reactions :
1) CH^ + O2 -+ CH3O6
1') CH306 -» HCHO + OH (2-14)
2) OH + CH4 CH3 + HgO
From experimental data the rate of step 1, above,
is
« lo'^^COgOCCHg] = aiCCHg] (2-15)
where a^ is the kinetic coefficient. Apparently no acti­
vation energy is required for this reaction. In a stoichio­
metric mixture at 700°K and 235 mm mercury the kinetic 
coefficient a^ is estimated to be 2.2 x 10  ̂ sec“ .̂
From experimental data the rate of step 2 is
Wg = 10"^° g-8500/RT [CH^][0H] = agCOH] (2-16)
At the same conditions as above a2 is estimated to be 
2.2 X 10^ sec” .̂
Before the alkylperoxide radical CH3OÔ can decompose 
into a formaldehyde molecule and a hydroxyl radical, ÔH, it
16
first must isomerize.
CHgOO -» CHg-O-OH (2-17)
Apparently this reaction requires a large activation energy 
which is estimated at 20 kcal/mole. Then
w| = 10^3 g-20000/RT [cHgOO] = a^CCH^OO] (2-18)
At 700®K a^ is equal to 6.3 x 10^ sec“ .̂ Since a^ is approx­
imately 30 times larger than a^ and a.2 , the formation of 
formaldehyde may be represented in a single step, i.e.,
CHg + Og -» HCHO + ÔH
Chain termination is the result of the adsorption of 
hydroxyl radicals by the wall of the reactor with subsequent 
recombination and the heterogeneous oxidation of formaldehyde 
on the wall of the reactor. Since â  ̂and a. 2  are approximately 
equal, the concentrations of the methyl and hydroxyl radicals 
should be the same order of magnitude. It is known that the 
wall capture of hydroxyl radicals is greater than the wall 
capture of hydrogen atoms and that the wall capture of 
hydrogen atoms is probably greater than the wall capture of 
methyl radicals. The latter is based on the experimental 
results of cracking reactions. It can also be shown (64) 
that inclusion of a step for wall destruction of HÔ2 radicals 
does not alter the results obtained by omitting this step. 
Thus, the conclusion is reached that only the hydroxyl
17
radical and formaldehyde need to be considered in the 
chain breaking mechanism.
In addition to the omission of chain breaking 
reactions discussed above, the following reactions have 
also been omitted in the proposed mechanism: (1) reaction
between formyl radicals, HCO, and methane, (2) reaction 
between formyl radicals, HCO, and formaldehyde, and (3) 
reaction between methyl radicals, CH^, and formaldehyde.
Since the reaction between formyl radicals and methane is. 
endothermie and the reaction between formyl radicals and 
oxygen is exothermic, the former can be neglected. Since 
the methane concentration is approximately 400 times greater 
than the concentration of formaldehyde, then the reaction 
between formyl radicals, HCO, and formaldehyde can also be 
neglected. The reaction between methyl radicals and formal­
dehyde can be neglected on the basis that the reaction 
between methyl radicals and oxygen is approximately 40 times 
faster than the omitted reaction.
In the early stages of the oxidation process, the 
reactions of formaldehyde with free radicals can be neglected, 
but the degenerate branching step must be included. Even in 
the early stages when the formaldehyde concentration is low 
the generation of primary radicals by the branching step far 
exceeds that of the reaction between methane and oxygen.
The system of differential equations for the rate 
of change of radical concentrations in the early stages of
18
the reactions listed on page 13 is, when neglecting steps 
2' and 5':
dCCHj]
— ~ —  = *0 + + aglHOg] - aj^CCHg]
dCOH] = BlCCHg] - agCOH] - ag[OH]






= ag[HCHO] - a^Enco]
= Wo + a^EHCHO] - a^EHOg] + a^EnCO] 
■= a^ ECHg] - agEHCHO] - a?EHCHO]dt
Since the formaldhyde concentration determines the 
radical concentrations, the remaining radicals are assumed 
to be at steady state. Thus
dECHg] dEOH] dEHCO] dEHOg]
  =   =   =   = 0 (2-20)
dt dt dt dt
Combining the set. Equation (2-19), and Equation (2-20),
2 (Wo + agEHCHO])









= 2"° (s; + l) + 2a3[HCH0 ] | ^  - l| . ayCHCHO]
(2-23)
Simplification of Equation (2-23) can be accomplished 
by observing that the ratio a^/ag is the chain length y which 
is estimated to be approximately 100. Neglecting both 1 and 
1/2 in Equation (2-23), the rate of change of formaldehyde 
concentration becomes
d[HCHO] ag a,
“ dt = 2Wo —  + (2ag —  - a^) [HCHO] (2-24)
The solution of this differential equation with the 
condition that the formaldehyde concentration is zero at the 
start of the reaction is
2W (ag/ag) (pt
[HCHO] =  —  (e - 1) (2-25)
(p
where
<p = 2a^ - a^ (2-26)
Referring to Equations (2-16) and (2-21) the rate 
of methane oxidation for this scheme is
_ d[CH4] . 2 (Wo + agCHCHO])
dt " ^2[0H] = ag : —  —  (2-27)
or, with Equation (2-25),
<3[CH4] ap r 2a3ap/ag <pt
- - ^  = 2W o -  i + — - » (2-28)
20
The term <p in Equations (2-25) and (2-28) is a 
function of pressure Since the term is at least
proportional to the square of the pressure whereas the 
term a^ is only slightly affected by pressure. Thus, the 
term (p may be either positive or negative. If p is positive, 
then Equation (2-28) applies ; if <p is negative then
— dfCH^]] 3-2 ^2 —tot— d T ~  = s: { 1 + 2^3 —  (1 - )} (2-29)
6 ^
where
±2- 2a^ ag - 3.J
The critical pressure and critical diameter for the 
slowly accelerating reaction are determined by the condition 
that p = 0, or
a22a^ (2-30)
since the product a^ag is proportional to the square of the 
pressure and a^ and a^ are inversely proportional to the 
diameter of the reactor.
At pressures considerably greater than the critical 
pressure the heterogeneous oxidation of formaldehyde can be 
neglected, i.e., a^ in Equation (2-26) = 0. Therefore, 
Equation (2-28) simplifies to





The reaction rate determined from Equation (2-31) 
applies only during the early stages of the oxidation, viz., 
up to approximately 10 per cent conversion. For higher 
conversions the reactions between formaldehyde and free 
radicals must be included. The appropriate kinetic equa­
tions for the active centers will now include steps 2 ', 
and 5', listed on page 13. The formaldehyde concentration 
is rate controlling both during the initial and all sub­
sequent stages of oxidation. Therefore, at these high 
conversions, all the free radical concentrations can be 
assumed to have attained steady state. The rate equations 
for high conversions, corresponding to the set. Equation 
(2-19), which was restricted to the initial stages of 
oxidation, will differ by the fact that Step 2' and 5' 
are included. Thus,
d[HCHO] . .
^  = aiCCHg] - ag[HCHO] - a^[HCHO] - a^[HOg] - a^[OH]
dCCHs]
— — —  = + agCOH] + agCHOg] - aj^CCHg] = 0
d[HCO]
—  = a^[HCHO] - a^CHCO] + a^[OH] + a^CHO^] = 0
dCHOg]
— ^ + a^[HCHO] - agCHOg] - a^CHOg] + a^C&CO] = 0
= aiCCHg] - agCOH] - ag[OH] - ajCOH] = 0 
These 5 equations when combined yield
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d[HCHO] |2Wo + 2a3[HCHO]l
= (&2 + ag)/ —  ) - [HCHO] - a^[HCHO]
a' a'a' a'
 2. {2W + 2a-[HCHO]} ^  [2W + 2a-[HCHO]}+ —ag o 3 a^ag o  ̂ ^5
According to Semenov ag »  ag and «  ag[HCHO]. Further,
since a ' = k '[HCHO] and a ' = k'[HCHO], the preceding equa- 2 2 5 5
tion then reduces to
d[HCHO]
dt
2 a 2 a g  _  _  _ \— —  [HCHO] - ag[HCHO] - a^[HCHO]
2a,k' - 2k'k'a- -
-  ' [HCHO] - --  ■ ■ [HCHO] (2-32)ag agag
When the pressure is far in excess of the critical 
pressure, the term a-y[HCHO] can be neglected. Also, since 
the term a^[HCHO] is about 200 times smaller than the first 
term in the parenthesis of Equation (2-32), the term ag[HCHO] 
can also be neglected. With these assumptions and substitution 
of the product of the specific rate constant and molecular 
product concentration for some of the kinetic coefficients, 
Equation (2-32) becomes
d[HCHO] _ 2a2a3 . L k^aeDHCHO] k^a, [HCHO] 1
at - - % r  i g ;
(2-33)
If it is assumed that the steric factors for the 
specific rate constants k^ and k^ are equal and the steric 
factors for the specific rate constant k^ and kg are also
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equal, then the ratios k^/kg and kg/kg can be determined by 
the differences in activation energies. The differences in 
the activation energies for k2 and kô and kg and kg are 




k V k  = ^ 2.5 X 10^5 5
Then
d[HCHO] Za^ag
dt ag [HCHO]{l - 25a (1 + 7000a)} (2-34)
where
a = and a^/ag = y « 100[CH.] 2 64-
With dimensionless time t = tag/2a2ag. Equation (2-34) 
becomes
1 d[HCHO]
[HCHO] dr = 1 - 25a(l + 7000a) = 1 - f(a) (2-35)
If various values of a are assumed, the right hand 
side of Equation (2-35) can be determined and the results 
plotted. At a = 0.234 per cent of the methane content the 
righthand side of the equation is zero and
d[HCHO]
— dt—  = 0
After the attainment of steady state the formaIdehyde con­
centration does not change. The experimental value for a 
at 700®K is 0.51 per cent of the methane content of the mixture,
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Substituting the products of the specific rate 
constant and the concentration of the molecular substance 
for the remaining kinetic coefficients, and neglecting unity 
in front of k2a2[HCH0 ]/k2ag[CH^], Equation (2-33) reduces to
[0H4K02]CHCH0](1 - g i  (2-36)
When the formaldehyde concentration reaches a maximum, 
Equation (2-36) becomes
[ca,] (2-37)
V, 5 2 
= e-8500/RT
which agrees reasonably well with the experimental results 
of Karmilova, Yenikolopyan, and Nalbandyan (29). These 
investigators found that the maximum formaldehyde concen­
tration followed the law:
[HCHO] ocmax
The rate of methane oxidation at conversions greater 
than 10 per cent is (similar to derivation of Equation 2-32):
_ dCCH^]
------  = a,[OH] + a^[HO,]dt o ^
or
- = [k'CHCHO] + a j  2dt 2 2 ag
+ W q + 2a3[HCHO] (2-38)
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Since Wq «  a^[HCHO] and 1 «  noting that
as - ^3 0̂2 '̂ above expression reduces to
- = —  {kgCCH^] + [HCHO]} {k3[HCHO][02]} (2-39)dt Sg
When the formaldehyde concentration reaches a maximum as 
given by Equation (2-3 7), the overall reaction rate also 
reaches a maximum which is
d[CH4] 2
■ ~ s r -  = + >̂2
kokc\^ ' /k^kr\% 2
k'k' k'k'2 5/ \ 2 5
[0,][CH.]^} (2-40)
Since the ratios of k'/k and k'/k have been approximated2 2 5 5
and the term k*2 ^2^5\h is approximately six times smaller
. 2^5/than the term k2, a rough approximation of the overall 
reaction rate is
dt ag \k'kgj (2-41)
A relationship of this type was found by Norrish (48).
Theoretical Aspects of the Mechanism for Methane 
Oxidation at High Pressures
The mechanism generally accepted for the oxidation 
of methane at low pressures does not adequately represent 
the oxidation process at high pressures. The experimental 
fact that an increase in pressure increases the quantity of 
methanol formed and decreases the yield of formaldehyde can 
not be explained by the kinetic mechanism presented in the
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previous section. The purpose of this section is to discuss 
a possible mechanism for the oxidation of methane at high 
pressures.
The oxidation process at high pressures is also a 
chain reaction with degenerate branching. Formation of CH^ 
radicals and HÔ2 radicals from the molecular reaction between 
methane and oxygen initiates the chain process. Degenerate 
branching is attributed to the reaction between formaldehyde 
and oxygen to form HCO and HO^ radicals.
Semenov has shoym for the low pressure mechanism 
that formaldehyde formation can be represented as a single 
reaction, i.e.,
CH3 + Og -+ HCHO + HO
The rate of isomerization and decomposition of the peroxide 
radical CH3OO is sufficiently fast to allow such a repre­
sentation. However, at the conditions encountered at higher 
pressures a reaction between the peroxide radical and methane 
may compete strongly with the decomposition and greatly affect 
the product distribution. This reaction forms a methyl rad­
ical and methylhydroperoxide which decomposes into methoxy 
and hydroxyl radicals. Methyl alcohol is formed by a reac­
tion between the methoxy radical and methane.
In the liquid phase oxidation of hydrocarbons, it 
has been shown experimentally that the alkylhydroperoxide is 
the first stable intermediate product. The formation of 
alcohols and other oxygen-containing compounds are due to
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the further transformation of the alkylhydroperoxide (76). 
Gray (21) has shown that the stability of the methoxy 
radical toward decomposition is sufficient at the temper­
atures of gas-phase oxidation of hydrocarbons to allow 
reaction with the initial hydrocarbon. The experimental 
work of Nalbandyan and Kleimenov (43) indicates that at 
least 90 per cent of the formaldehyde comes from the per­
oxide radical and not from the peroxide.
Incorporation of the above ideas into a chain process 





CH^ + Og ^ CH^ + HOg
CH3 + Og ^ CH3OO
CHoOO + CH„ -* CHoOOH -}■ CHi
CHgOOH -» CHgO + OH
CH3O + CH^ -» CH3OH + CH3
CH3OO -* HCHO + OH
OH + CH4 -» HgO + CH3
OH + HCHO HgO + HCO
HCHO + O2 -» HCO + HOg
HCO + Og -> HO2 + CO 




11) CHgOO -----* chain breaking
The following reactions have not been included: (1)
the reaction between formyl radicals and methane, (2) the 
reaction between formyl radicals and formaldehyde, (3) the 
reaction between methyl radicals and formaldehyde, and (4) 
the chain breaking reactions involving the adsorption of 
CHg and HOg radicals by the wall of the vessel with subse­
quent recombination and the heterogeneous oxidation of formal­
dehyde. The two reactions involving the participation of 
formyl radicals, methane, and formaldehyde are neglected 
on the basis that these reactions are endothermie, whereas 
the reaction between formyl radicals and oxygen is exother­
mic. The rate of the reaction between methyl radicals and 
oxygen is approximately 40 times greater than the rate of 
reaction between methyl radicals and formaldehyde (64); 
therefore the latter reaction is neglected. Omission of 
chain breaking steps involving CH3 and HO2 radicals is just­
ified by the fact that the probability of wall capture of 
these radicals is less than the probability of wall capture 
of the hydroxy and peroxide radicals (64). Chain breaking 
by the heterogeneous oxidation of formaldehyde only applies 
at pressures close to the critical pressure of the reaction.
Some interesting points are brought out if the rates 
of steps 1 through 6 and 8 are compared. It should be pointed 
out that the estimations of these rates are extremely rough 
since rate data for these reactions at high pressure are
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not available. The assumption is also made that the radical 
concentrations are approximately equal; therefore the kinetic 
coefficients can be used in the comparisons. At low pres­
sures the usual range for the activation energy of a reaction 
between radicals and molecules is 7 to 10 kcal/mole and the
pre-exponential term, or frequency factor, varies between 
— 1 1 — 110 and lO” (64, 65). In the estimations which follow, 
the concentrations of methane and oxygen are determined for 
a IOCH4 + O2 mixture at 2000 psi and 640°F.
If it is assumed that the rate of reaction 1 is 
equal to the rate at low pressures (25, 26), i.e.,
= lO'lSfOglCCHg] = aiCCHg] (2-43)
7 — 1then a]̂  is equal to 6.02 x 10 sec” .
Assuming that the activation energy required for 
step 2 is 10 kcal/mole and the frequency factor is 10 the 
rate is
-11 -10000/RTrWg = 10 e [CH^lCCHg] = a^CCH^] (2-44)
and a. 2 equal to 5.9 x 10 ^ sec
According to Semenov (64) the activation energy for
the decomposition of an alkylhydroperoxide lies between 31
and 55 kcal/mole. Assuming that the activation energy is
1332 kcal/mole and the frequency factor is 10 , the rate for
step 3 is
W3 = 10^3 g-32000/RT^^g^QQQj (2-45)
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Since the concentration of methylhydroperoxide is unknown, 
the rate can be expressed only as a function of the peroxide 
concentration.
= 18.8 [CHgOOH] (2-46)
Since steps 3, 4, and 6 are reactions between a 
radical and a molecule, and if the same values for the acti­
vation energy and frequency factor are used, and ag,are 
also equal to 5.9 x 10® sec“ .̂
Semenov (64) has estimated the activation energy 
for the isomerization of peroxide radicals to be approxi­
mately 20 kcal/mole. If the frequency factor is assumed 
to be 10^^, then
Wg = 10^^ e'^°°°°^^^[CH300] = agCCHgOO] (2-47)
5 -1and a^ is equal to 8.56 x 10 sec
According to Semenov (64) the rate of reaction for 
step 8 is
Wg = 10 g-32000/RT [acHOgCOg] (2-48)
or
Wq = 0.308 [HCHO] (2-49)
Comparing the reaction rates of steps 1, 2, and 5, 
it is observed that the slowest step is that of the isomeri­
zation and decomposition of the peroxide radical. If this 
assumption is valid, then thé formation of formaldehyde 
cannot be represented in a single step. It is also interesting
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to note that, for an equivalent branching rate, the concen­
tration of formaldehyde is approximately 60 times greater 
than that of the peroxide. A similar observation was 
pointed out by Shtern (65) in his discussion on the oxi­
dation of heavier hydrocarbons.
The possibility thus arises that perhaps the rate 
of decomposition of the peroxide, CH3OOH, is fast enough to 
consider that methyl alcohol is formed in a termolecular 
reaction.
CH306 + 2CH4 -» 2CH3OH + CH3 (2-50)
Jost, et al., (28) also suggested such a reaction for the 
oxidation of heavier hydrocarbons, but experimental veri­
fication of this termolecular reaction has not been attempted.
CHAPTER III 
REVIEW OP PREVIOUS WORK
The homogeneous gas-phase oxidation of methane and 
paraffinic hydrocarbons with molecular oxygen can be divided 
into two basic regions: (1) the slow oxidation region which
covers a temperature range between 200 and 600°C and (2) the 
region of explosive oxidation of the hydrocarbon in flames. 
The discussion in this chapter is limited to the gas-phase, 
slow oxidation of methane by free oxygen.
Prior to the end of the nineteenth century all 
experimental work was conducted at explosive conditions (65). 
In 1874 Armstrong (2), after observing the inconsistencies 
of the proposed mechanism for oxidation of hydrocarbons, 
proposed that the intermediate stages of this process could 
be represented by the formation of an unstable hydroxylated 
molecule. These unstable hydroxylated molecules were sub­
sequently broken-down at the high temperatures of the com­
bustion process into oxygen-containing products. Armstrong 
pointed out that in order to explain the combustion of hydro­
carbons, studies at more favorable conditions for the deter­
mination of the actual mechanism of combustion must be 
carried-out. As a result, by the end of the nineteenth
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century more attention was being given to studies of the slow 
oxidation, rather than the explosive reactions, of hydrocarbons 
Since these initial investigations on the slow oxida­
tion of hydrocarbons, an ever increasing amount of work has 
been devoted to the elucidation of the mechanism for hydro­
carbon oxidation. For a thorough treatment of the develop­
ment of the research on hydrocarbon oxidation in the gas-phase 
the reader is referred to the monograph by Shtern (65). Shtem 
has conveniently divided the development into three periods.
The first period covers the period between the late 1890's 
to the end of the 192O's and deals primarily with the identi­
fication of stable intermediate and end products arising in 
the reacting mixture throughout the course of the reaction.
The second period, which covers the period from the end of 
the 1920's to the middle of the 1930's, deals primarily with 
the formulation and examination of the kinetic mechanism of 
hydrocarbon oxidation in terms of the chain theory which was 
rapidly developing in this period. The third period, which 
covers the period from the middle of the 1930's to the early 
1960's, deals primarily with the investigation of the oxi­
dation process. By this time the precise chemical definition 
of the kinetic mechanism had been established as being of a 
chain nature involving degenerate branching.
Experimental Work 
After Bone and Lean (9), Bone and Cain (7) and 
Smithells and Ingle (68) had definitely established that the
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products in the explosive combustion of hydrocarbons occur­
ring in a deficiency of oxygen were carbon monoxide and 
hydrogen, Bone and his coworkers began a series of studies 
on the slow oxidation of hydrocarbons. In 1902 Bone and 
Wheeler (10) reported the first results on the slow oxida­
tion of methane under static conditions. Bone and Wheeler 
(11) subsequently studied the slow oxidation of methane 
using a closed system in which the reacting mixture could 
be continuously circulated over a heated surface. The first 
study was conducted at initial temperatures of 300-400®C and 
at pressures of the order of 2 atmospheres. The initial tem­
peratures of the second study were varied between 400 and 
500°C and the pressure was varied between 400 and 600 mm 
mercury. A reaction mixture containing two volumes of meth­
ane and one volume of oxygen was used throughout. In the 
first study carbon monoxide, carbon dioxide, and water were 
formed; however, in the second study, in addition to the 
above products, formaldehyde and formic acid were also de­
tected in the products. Free carbon and free hydrogen were 
not found in the reaction products during either study.
In 1932 Bone and Allum (6) published the results of 
a comprehensive investigation on the slow combustion of meth­
ane. Throughout these studies the authors were successful 
in conducting carbon, hydrogen, and oxygen balances through­
out the course of the oxidation. The reactivity of various 
compositions of the initial mixture of methane and oxygen
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were studied at various initial temperatures and pressures.
The products of the oxidation reaction were reported to be 
carbon monoxide, carbon dioxide, water, and formaldehyde.
The influence of "foreign" vapors on the duration of the 
induction period and the reaction period was also studied.
The "foreign" vapors added to the reaction mixture in small 
concentrations included water, methyl alcohol, formaldehyde, 
nitrogen dioxide, and iodine. Addition of these "foreign" 
vapors eliminated the induction period and shortened the 
reaction time with the exception of water vapor, which short­
ened the induction period as well as the reaction period. 
Later, Bone and Gardner (8) found that the addition of 
iodine vapor increased rather than decreased the induction 
period and the reaction period.
Bone and Gardner (8) studied the kinetics of methane 
oxidation with respect to pressure increase and with respect 
to the accumulation of formaldehyde. They noted that the 
attainment of a maximum concentration of formaldehyde occurred 
almost simultaneously with the end of the induction period.
In addition the time of attainment of maximum formaldehyde 
concentration coincided with the time of maximum rate as de­
termined by the pressure increase. Furthermore, the reaction 
rate and formaldehyde concentration remained essentially con­
stant to the end of the reaction. The addition of formalde­
hyde to the initial mixture reduced or eliminated the induc­
tion period. These facts led the authors to the conclusion
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that formaldehyde was the active intermediate product which 
determined the kinetics and chemical nature of the reaction.
Newitt and Haffner (45) were the first to study the 
oxidation of methane at elevated pressures. The reaction 
mixture employed in this study had the composition 2CH^ + O2 + 
(6 to 6.5)X, where X represents either excess methane, nitro­
gen, carbon dioxide, or steam. The initial temperature was 
varied from 335 to 400°C while the pressure was varied from 
10 to 150 atmospheres. The products of the oxidation of 
methane at elevated pressures were reported to be carbon mon­
oxide, carbon dioxide, water, formaldehyde, methyl alcohol, . 
and traces of formic acid. The results of this work showed 
that: (1) methyl alcohol was formed at elevated pressures,
(2) there was an optimum temperature at a particular pres­
sure for optimum production of methyl alcohol and formal­
dehyde, (3) increasing the pressure increased the quantity 
of methanol and formaldehyde as well as the ratio of methanol 
to formaldehyde, (4) the addition of a diluent other than 
excess methane increased the induction period, and (5) both 
methyl alcohol and formaldehyde appeared in the early stages 
of the oxidation.
Two years later Newitt and Szego (46) reported the 
results of their study on the oxidation of methane in a flow 
system operated at elevated pressures. Mixtures of 90CH^ +
3O2 + 7N2 and 9OCH4 + 5O2 + 5N2 were used in this study. The 
results of their work indicated that an increase in oxygen
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concentration while maintaining approximately the same tem­
perature, pressure, and contact time decreased the yield of 
methyl alcohol and formaldehyde. Decreasing the residence 
time at constant temperature and pressure increased the yield 
of alcohol and formaldehyde.
All of the methane oxidation studies cited above 
were conducted by Bone or one of his students. However, 
there were several other investigators who also contributed 
to the accumulation of experimental data necessary for the 
elucidation of the mechanism. In 1928 Pease and Cheseboro 
(58) observed for the first time that the reaction rate in 
a glass tube packed with broken glass was less than the re­
action rate observed in an empty glass tube. The same phe­
nomenon was also observed by Fort and Hinshelwood (18) in 
1930. These authors found that the reaction rate was pro­
portional to the third or even the fourth power of the vessel 
diameter. It was thus established that an increase in the 
surface-volume ratio decreased the reaction rate. An effect 
of this type is characteristic of a reaction that proceeds 
by a chain mechanism, wherein the packed tube serves as a 
more efficient chain-terminator.
In the same year that Newitt and Szego published the 
results of their work on methane oxidation at elevated pres­
sures, the results of two other studies conducted at ele­
vated pressure were reported. Wiezevich and Frolich (80) and 
Paris (52) confirmed the results already obtained; however.
38
the former reported a larger quantity of formic acid in the 
liquid products than the other investigators had reported.
Shtern (65) has pointed out that Bone and his school 
made a significant contribution to the mechanism formulation 
although Bone did not use it to extend his own theory. In 
these investigations Bone and his co-workers were the first 
to attempt to derive a composition balance not only in terms 
of the end products of the oxidation but also in terms of 
the stable products formed during the course of the reaction. 
The significance of the composition balance during the 
course of the reaction lies in the fact that it allows draw­
ing accurate conclusions regarding the real mechanism of the 
oxidation process.
In addition to the above contribution by Bone and his 
followers, their experimental investigations are of great 
value for another reason. During these studies a start was 
made to determine how the pressure changes during the course 
of the reaction and how temperature, pressure, nature and 
treatment of the surface, change in the surface-volume ratio, 
addition of inert gases and chemically active additives 
affect the reaction.
Shtern also points out that Newitt and his co-workers 
(45, 46) obtained "important factual material of undoubted 
significance for the detailed understanding of the mechanism 
of hydrocarbon oxidation" because only a limited number of 
gas-phase hydrocarbon oxidation studies has been made at 
elevated pressures.
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Norrish and Poord (48) continued the investigation of 
methane oxidation under static conditions at subatmospheric 
pressure. The steady maximum rate was represented by the 
expression
[°2]P
where P is the total pressure. The magnitude of k depends 
upon the catalytic activity of the surface of the vessel. 
Confirmation of previous data regarding the shape of the 
pressure rise with respect to time, the effect of vessel 
diameter, addition of various "foreign" vapors, and the 
effect of pressure was obtained. These authors formulated a 
mechanism based upon the experimental data available and the 
chain theory with degenerate branching introduced by Semenov 
(63). Norrish and Poord were among the first investigators 
to use the method of quasi-stationary states in hydrocarbon 
oxidation in an attempt to verify experimental data and the 
proposed mechanism (65).
Norrish and Reagh (51) conducted a special study of 
the effect of the diameter of the reaction vessel on the 
oxidation of methane and other hydrocarbons. Por all hydro­
carbons studied it was found that only with a diameter less 
than 12-16 mm did the diameter affect the reaction rate. It 
was determined that, in vessels having a diameter less than 
5 mm, reaction was not detected even after 24 hours.
In 1946 Patry and Monceaux (53) reported their results 
on the oxidation of methane at atmospheric pressure and
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temperatures up to 800®C. Formaldehyde was the only oxygen­
ated organic compound identified and the yield was always low.
Even with the abundance of experimental data avail­
able on the oxidation of methane and heavier paraffinie hydro­
carbons, there were still many unanswered questions. The 
actual role of the formaldehyde, the identification of the 
intermediate product responsible for degenerate branching, 
the explanations for discrepancies in the activation energies, 
and the variations of the maximum reaction rate with respect 
to the pressure rise were not known. In an attempt to answer 
some of these questions additional studies were made by the 
investigators of hydrocarbon oxidation in the late 1940's.
A study to determine the role of formaldehyde in 
methane oxidation was conducted by Norrish and Harding (49).
In this study formaldehyde was added to the reaction mixture 
in an amount greater than the maximum concentration attained 
in the straight oxidation of methane (without addition of 
formaldehyde). The induction period was eliminated and the 
maximum reaction rate was initially accelerated. The rate 
rapidly decreased to that rate corresponding to a system 
without additives (formaldehyde) and then remained unchanged 
throughout the remaining portion of the reaction. Vanpe^ and 
Grard (75) later showed that, if the added formaldehyde cor­
responded to the maximum concentration attained during the 
reaction without additives, the induction period was elimi­
nated. However, the reaction rate corresponded to that
41
attained in a reaction without additives. Norrish and 
Patnaik (50) confirmed the hypothesis that the concentration 
of formaldehyde was linked to the reaction rate by subject­
ing a methane-oxygen mixture, contained in a quartz vessel 
at 485“C, to ultraviolet light with a wave length between 
2400 and 3800 k.
Hoare and Walsh (23, 24) carried out experiments on 
methane oxidation which can be divided into two groups accord­
ing to the temperature. The first group, studied at tempera­
tures around 500°C, indicated that the nature and surface 
condition has an effect on the reaction rate, on the orders 
of the reaction, and on its activation energy. The second 
group, studied at temperatures between 650 and 750°C, con­
firmed that the role of carbon monoxide in the process of 
methane oxidation was linked with its own oxidation. Egerton, 
Minkoff, and Salooja (16), while studying the effect of the 
surface on the course of methane oxidation, noted that the 
rate of reaction was considerably lowered by exposing the 
surface of the reaction vessel (pyrex, soda glass, packed 
beds, and coated vessels) to air between experiments. They 
also reported that increasing the surface to volume ratio did 
not change the rate, activation energy, or reaction order.
In addition to formaldehyde, hydrogen peroxide was detected 
in the liquid products.
Karmilova, Yenikolopyan, and Nalbandyan (29, 3 0) 
obtained kinetic curves with respect to pressure increase.
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consumption of methane and oxygen, and accumulation of carbon 
monoxide, carbon dioxide, water, formaldehyde, and hydrogen 
peroxide for the oxidation of methane in a quartz vessel at 
subatmospheric pressure. The variation of the maximum con­
centration of formaldehyde with temperature followed the law
[HCHO]^^^ oc e-lOOOO/RT
In 1959 Magee, (38) after studying the kinetics of 
methane oxidation at 815®F, stated that the results indicated 
a need for revising the previous, slow oxidation mechanisms 
for methane.
The only additional research on the oxidation of 
methane at elevated pressures since 1934 was done by Furman 
(19) and Furman, Shestakova, and Radle-Desyatnik (20). Con­
firmation of the results reported by Newitt and Szego (46) 
was obtained. It was concluded by these authors that at 
elevated pressures, the oxidation of methane (paraffins) pro­
ceeds according to a chain mechanism.
In 1955 Vanpee reported the occurrence of peaks in 
the pressure rise curves during methane oxidation (2CH^ + O2) 
under static conditions at a temperature of 500°C and a pres­
sure of 800 mm mercury. The cool flame phenomenon had been 
observed earlier for other hydrocarbons (see, for example, 
Aivazov and Neiman (1) or Knox and Norrish (33); however, this 
study was the first time that methane oxidation had yielded 
the phenomenon.
43
Reaction Mechanism and Kinetics
The earliest theory on the mechanism of methane 
oxidation proposed that carbon and water were the initial 
products of the reaction or that hydrogen burned rather than 
carbon. In 1861 Kersten (31) proposed that carbon monoxide 
and hydrogen were the primary products and, although carbon 
may be produced throughout the course of the reaction, it 
oxidized to carbon monoxide before the hydrogen reacted.
Late in the nineteenth century Bone (7, 9) and Smithells and 
Ingle (68) showed experimentally that carbon monoxide and 
hydrogen were formed in the explosive combustion of hydro­
carbon occurring in a deficiency of oxygen. These reliable 
experimental results apparently answered the question con­
cerning the mechanism of the hydrocarbon oxidation and the 
preferential combination of the oxygen with the carbon of 
the ruptured hydrocarbon.
However, late in the nineteenth century there was 
evidence that this viewpoint was in error since it was pos­
sible to react oxygen with a hydrocarbon without rupture of 
the carbon skeleton. In 1874 Armstrong (2), after observing 
the inconsistency of the proposed mechanism, proposed that 
the intermediate stages of the combustion of hydrocarbons 
could be represented by the formation of an unstable, hydroxy- 
lated molecule by the introduction of an oxygen into the hydro­
carbon molecule. These hydroxylated molecules were then 
decomposed at the high temperatures.
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In 1903 Armstrong (3) suggested that the oxygen acts 
as molecular oxygen and combines with the methane molecule 
to form hydroxyl compounds. He further proposed that water 
takes part in the reaction and that hydrogen peroxide is 
formed; however he could never substantiate his theory with 
experimental data.
In the same year Bone (11) formulated the hydroxyla­
tion theory for the mechanism of hydrocarbon oxidation.
After the accumulation of additional data (12) Bone postulated 
that the slow oxidation of methane (and paraffinic hydrocar­
bons in general) can be represented as a series of successive 
hydroxylating and thermal decomposition steps. By this scheme 
methyl alcohol is the first stable intermediate product 
formed. In successive stages formaldehyde, formic acid, and 
carbonic acid are formed. He theorized that methanol was 
formed by the introduction of an oxygen atom between separated 
hydrogen and carbon atoms in a methane molecule. Thus, for 
the oxidation of methane the hydroxylation theory can be 
illustrated in the following manner.
O2 O2CH. --» CH.OH
^ CH2 (0H )2
O2 HO^ HO^
H.o + HCHO — ► ;c=o ► C=0
 ̂ H^ HO^
HgO + CO H2O + CO2
It was quickly pointed out by opponents of the 
mechanism that methanol had not been discovered in the
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products of the oxidation process. Also, since formaldehyde 
and formic acid, which were found in the products, were less 
stable to oxidation than methanol, then the first stable inter­
mediate product could not be methanol. In spite of this 
criticism Bone remained convinced that the hydroxylation 
theory was correct. For the next thirty years Bone and his 
followers carried out numerous studies in an attempt to iso­
late methanol and hence verify the theory.
The first discovery of alcohol in the products was 
reported in 1932 when Newitt and Haffner (45) published their 
results on methane oxidation studies at elevated pressures. 
Similar results were obtained for the oxidation of ethane 
(12). Finally in 1936 Newitt and Gardner (44) established 
the formation of alcohol at atmospheric pressures. Norrish 
and Foord (48) criticized the results of this study on the 
basis that the nature of the experimental procedure required 
to obtain the methyl alcohol indicated a catalytic reaction. 
Hence, the results had no bearing on the origin of the for­
maldehyde in the homogeneous gas-phase oxidation of methane.
Now that alcohols had been found in the products of 
the oxidation of hydrocarbons Bone felt that he had solved 
the basic problem and that the main objection to his theory 
had been overruled. However, by the middle thirties when 
alcohols were found in the products, new ideas on the reac­
tion mechanism were being developed and once again the hy­
droxylation theory was no longer acceptable.
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The peroxidation scheme for the oxidation of hydro­
carbons derived its origin from general peroxide theory of 
oxidizing reactions, which was simultaneously and independ­
ently formulated by Bach (4) and Engler (17) in 1897.
The basic principle of this scheme is that a peroxide is 
formed in the first stage of the oxidation by the direct 
addition of the oxygen to the substance undergoing oxidation. 
In the 1920's investigators concerned with the combustion 
process in the internal combustion engine applied the per­
oxidation theory to hydrocarbon oxidation in the gas phase.
In 1926 Callender (13) introduced his theory that engine 
"knocking" was the result of the explosion of the organic 
peroxides formed during the preflame, slow oxidation process. 
Four fundamental investigations devoted to the objective of 
verifying the formation of such peroxides were conducted by 
Callender (13), Mardles (40), and Mondain-Monva1 and 
Quanquin (41, 42). Peroxides were detected in these inves­
tigations in a qualitative manner and only in very minute 
quantities. It should be pointed out that in only one of 
these studies (41) was methane used and the peroxide test 
was negative. The nature of the peroxides was not determined. 
Proponents of the hydroxylation scheme doubted that these 
peroxides were alkyl peroxides.
Two other mechanisms for hydrocarbon oxidation were 
proposed before the development of the mechanisms based upon 
chain reaction theory. The first of these mechanisms was
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introduced by Edgar and his co-workers (59) . The basic 
hypothesis was that aldehydes are the first products of the 
oxidation reaction and the transformation of the hydrocarbon 
is a step-by-step degradation of aldehydes. In 1927, the 
second mechanism was introduced by Lewis (35) who postulated 
that the first step in the oxidation of paraffinic hydro­
carbons is the splitting-off of a hydrogen molecule with the 
formation of an unsaturated hydrocarbon, i.e., the oxidation 
is initiated by the dehydrogenation of the paraffinic hydro­
carbon. The further oxidation of the unsaturated hydro­
carbon thus formed a wide variety of oxygenated products.
The four schemes, hydroxylation, peroxidation, 
aldehyde degradation, and dehydrogenation, proposed before 
the development of chain reaction theory were based upon the 
assumption that the complete oxidation process could be 
described or represented in step-by-step reactions between 
molecules of the initial fuel and the products formed and 
molecules of oxygen. The primary disagreement among these 
schemes involved the first intermediate product formed in 
the process. Two of the schemes (hydroxylation and alde­
hyde degradation) set forth a step-by-step sequence of the 
complete transformation of the hydrocarbon molecule (through 
stable intermediate products) to the end products (oxides of 
carbon and water). The schemes of peroxidation and dehydro­
genation were concerned only with the establishment of the 
first stable product of the oxidation process.
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Between 1934 and 1937 six mechanisms based upon rad­
ical chain theory were introduced. Semenov (63) introduced 
the first radical-chain mechanism for the oxidation of methane, 
On the basis that the first stable reaction product was for­
maldehyde and not a peroxide, Semenov proposed a chain reac­
tion which developed by di-radicals:
0 + CH4 — * CHg + HgO
CHg + O2 — ♦ HCHO '+ 6
For the further oxidation of formaldehyde, overall equations 
were presented instead of chain mechanisms. The chain break­
ing step was assumed to be the destruction of the oxygen di­
radical at the wall. In Semenov's scheme the chain carriers 
are the methylene radical and the oxygen atom. Although the 
introduction of di-radicals as the chain carriers was a 
novelty, there had been previous experimental evidence of 
their occurrence (61).
Two years passed before Norrish and Foord (48) pre­
sented another radical-chain scheme for methane oxidation.
The chain mechanism was represented in the following way.
CH4 + O2 — » HCHO + HgO
HCHO + O2 — * o + HCOOH } initiation
O + CH4 — > CHg + H2O
Branching 
Basic Chain
CH2 + O2.— ► HCHO + O
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HCHO ---dation  ̂gg + H2O
HCHO + O — ♦ X
6 1/2 02
6 + CH4 + M — * CH3OH + M.
Basically, the scheme is the same as Semenov's scheme;
however, the following points are new: (1) chain initiation
in which methane and oxygen react to formaldehyde, which sub­
sequently oxidizes to formic acid and an oxygen atom; (2) an 
attempt to explain the main path for the further oxidation of 
formaldehyde to a certain product X which yields carbon mon­
oxide and an oxygen atom, and (3) an explanation for the for­
mation of methyl alcohol by the collision of an oxygen atom, 
a methane molecule, and a third molecule M.
Experimentally the maximum reaction rate as deter­
mined by the pressure rise curve was represented by
"max = ^  [02]P
where P is the total pressure and the magnitude of k depends 
upon the catalytic activity of the vessel surface. Applying 
the method of quasi-stationary states to the proposed mecha­
nism, Norrish and Foord found that the maximum rate of methane 
consumption was
d CH4 _ k2k3 [CH^]^ [O2] Pd 
dt kgk^S
where the k's are the rate constants for the various reactions
proposed, d is the vessel diameter, and S is the surface
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activity per unit area. Although excellent agreement between 
the experimental results and theoretical considerations was 
obtained, it should be pointed out that confirmation of the 
scheme cannot be considered as decisive. The fact that there 
are several other similar mechanisms, which will also agree 
with the experimental results, prohibit one from reaching 
the conclusion that the results cannot be questioned.
In addition to the above mechanisms applying chain- 
radical theory to methane oxidation, several other mechanisms 
for the oxidation of higher paraffinic hydrocarbons were 
introduced. Since these schemes contained relevant informa­
tion leading to the generally accepted mechanism for methane 
oxidation, they are briefly discussed in the next paragraph.
In 1935 Pease (55, 56, 57) proposed a monoradical 
mechanism which considered the monovalent prcpyl radical 
C3H7 and the methoxy radical CH3Ô as the chain-initiating 
free radicals in the oxidation of propane. In the same year 
Ubbelohde (72) introduced another radical-chain scheme for 
the low temperature oxidation of paraffinic hydrocarbons.
This mechanism proposed that the peroxide radical RCHgOÔ was 
formed by the combination of an alkyl radical and an oxygen 
atom. The RCH2OÔ then combined with the initial hydrocarbon 
molecule to form the alkylhydroperoxide RCHgOOH. The incor­
poration of the peroxide concepts in the form of a chain 
mechanism was thus introduced into the literature for the 
first time for hydrocarbon oxidation. Jost, Muffling, and
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Rohrmann (28) followed the Ubbelohde proposal with an analo­
gous radical-chain scheme (independently formulated) which 
also considered the formation of alkylhydroperoxides; however 
a means for the formation of alcohols was included. The 
alcohols were formed by a reaction between the peroxide 
radical and the initial hydrocarbon to produce an alkoxy 
radical, which in turn reacted with the initial hydrocarbon. 
The last oxidation scheme during this period of development 
was introduced by Lewis and von Elbe (36) in 1937. This mono­
radical mechanism considered the hydroxy radical, ÔH, as the 
chain-initiating radical.
It is interesting to note, as Shtern (65) has pointed 
out, that the fundamental ideas proposed in the non-chain 
mechanisms of aldehyde degradation, peroxidation, and 
hydroxylation have been reflected in the corresponding rad­
ical-chain mechanisms. Semenov, Norrish, Pease, and Lewis 
and von Elbe considered aldehyde as the first intermediate 
product, and Jost, et al., considered both the alkylhydro­
peroxide and alcohol as the first intermediate product.
Additional data on the oxidation of hydrocarbon led 
Norrish (47) to revise his earlier di-radical chain scheme. 
Norrish now believed that the first and only intermediate 
product of methane oxidation was formaldehyde. The chain 
initiation step included the formation of formaldehyde from 
a reaction between methane and molecular oxygen, a reaction 
between formaldehyde and molecular oxygen to give a divalent
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oxygen atom, and the formation of methyl radicals and hy­
droxy radicals from the reaction between a methane molecule 
and a divalent oxygen atom. The chain was propagated by the 
reaction of a methane molecule with a hydroxy radical to give 
a methyl radical and water, and the reaction between a methyl 
radical and molecular oxygen to give formaldehyde and a 
hydroxy radical. The chain was terminated by the destruction 
of the hydroxy radical at the wall, and methyl alcohol forma­
tion was attributed to a termolecular reaction between meth­
ane, a divalent oxygen atom, and a third molecule. Again, by 
the method of quasi-stationary states, the proposed mechanism 
agreed with the experimental data.
Yenikolopyan (83) presented a scheme which he accepted 
as being typical of the oxidation of saturated hydrocarbons. 
For the case of the oxidation of methane, the mechanism re­
duces to the following:
CH4 + O2 — ♦ CH3 + HO2
CH3 + O2 — + CH3OÔ
CH3OÔ + CH4 — ► CH3OOH + CH3
CH306 — ♦ HCHO + HO
HÔ + CH4  * H2O + CH3
HÔ + HCHO — » H2O + HCO
HCO + O2 — » HÔ + CO2
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CHgOOH — » CH3Ô + OH 
HCHO + O2 — » HCO + HO2 
CHgOO — chain breaking
2CH3OÔ — * chain breaking
, . wallCH3 -----* chain breaking
Using this scheme and taking into account the competition 
between the parallel and consecutive reactions as the tem­
perature changed, Yenikolopyan was able to explain par­
tially the change of order of the reaction with respect to 
the methane and oxygen concentrations.
In 1958 Semenov (64) introduced his second radical- 
chain mechanism for the oxidation of methane at low pressures 
This monoradical mechanism is generally accepted today as 
the scheme best explaining the experimental facts. For this 
reason Semenov's scheme has also been included in Chapter II, 
The reaction is initiated by a reaction between the
methane molecule and the oxygen molecule to form the two 
• •monoradicals CH3 and HOg. The methyl radical, formed by a 
reaction between a hydroxy radical and methane, is respon­
sible for chain propagation. Degenerated branching occurs by 
a molecular reaction between formaldehyde and oxygen to give 
the monoradicals HCO and HO^. Chain termination is accom­
plished by the wall destruction of the hydroxy radical.
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Using the method of quasi-stationary concentrations 
the maximum concentration of formaldehyde for this mechanism 
varies with temperature according to the law:
CHCHO]n,̂ ĵ  = e-8500/RT
which agrees well with experimental work (29, 30). For the 
theoretical maximum rate of methane consumption, it was found 
that
_ a t c ^  oc [CH^]^ [Oj] 
dt
which also agrees with the experimental results reported by 
various authors . In addition the theoretical energy of acti­
vation was estimated by Semenov to be approximately 46 kcal/ 
mole which agrees with the experimental value of 40-46 kcal/ 
mole reported by Karmilova, Yenikolopyan, and Nalbandyan (29, 
30) .
It is interesting to note that only in the radical- 
chain mechanisms proposed by Norrish was an attempt made to 
explain the formation of methyl alcohol during the oxidation 
of methane. Earlier Bone (5) had proposed a non-chain mecha­
nism for high pressure oxidation of methane which proceeded 
through the monoxide CH^(O2) to yield methyl alcohol by 
reacting with methane.
With the accumulation of experimental data on the slow 
oxidation of methane, appreciable differences in the time of 
attainment of the maximum reaction rate as determined by the
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slope of the pressure rise-time curves were noted. Curves of 
different forms were reported. The variations of the shape 
ranged from almost completely symmetrical curves, in which the 
maximum rate occurred when approximately 50 per cent of the 
total pressure rise was reached, to curves in which the maxi­
mum rate occurred at the beginning of the pressure increase 
and thereafter remained essentially constant. Curves of the 
first type were reported by Fort, and Hinshelwood (18) and 
curves of the second type were observed by Bone and Gardner 
(8). Bone and Allum (6), and Slotin and Style (67), reported 
an intermediate type curve in which the maximum reaction rate 
occurred when approximately 15-3 0 per cent of the total pres­
sure increase was reached. Hoare (22) attributes the curve 
variations to different experimental techniques in obtaining 
reproducible results.
According to the most recent mechanisms on methane 
oxidation, the maximum reaction rate varies with the concen­
tration of methane and oxygen in the following manners
“max œ  [CH,]* [o^]"
At low temperatures (up to 500°C) and at essentially atmos­
pheric pressure the order of the reaction (m%2 and n«l) agrees 
well with experimental data. With an increase in temperature 
the order of the reaction with respect to methane decreases, 
but the order increases with respect to oxygen. Thus a dif­
ference between the order of reaction predicted from the
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proposed mechanisms and the experimental data is observed. 
Yenikolopyan (83) has been able to explain partially the 
change in order of the reaction in his treatment of the par­
allel and consecutive reactions occurring by his mechanism. 
Table 1 is presented to illustrate the change of order of the 
reaction with respect to the methane and oxygen concentra­
tions as the temperature changes.
In addition to the above discrepancy between the 
mechanisms and experimental data regarding the reaction order, 
different values for the total activation energy of methane 
oxidation have also been reported. Vanpee (74) reported a 
value of 93 kcal/mole for the temperature range 377-422°C;
Bone and Allum (6) reported a value of about 90 kcal/mole 
for the temperature range 423-477°C; and Fort and Hinshel­
wood (18) reported a value of 62 kcal/mole for the tempera­
ture range 447-487“C. Karmilova, Yenikolopyan, and Nalbandyan 
(29, 30) estimated the activation energy from the variation 
of the natural logarithm of the maximum rate with the recip­
rocal of the absolute temperature. The maximum rate was 
determined by several methods: (1) according to pressure
increase, (2) consumption of oxygen, (3) consumption of meth­
ane, (4) accumulation of carbon monoxide, and (5) accumula­
tion of water. The reported activation energy by the differ­
ent methods varied between 41.5 and 43.0 ±1 kcal/mole.
In 1955 Hoare and Walsh (23, 24), in their investiga­
tion of the surface effect on the oxidation of methane.
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TABLE 1
THE VARIATION OF THE MAXIMUM RATE OF OXIDATION 
WITH CONCENTRATIONS OF METHANE AND 














376 Pyrex 2 .3 0.5 74










2 .4 1 .0-1.6 23
570 —— 1.4 2.4 74




0-0.7 2 .3-2.7 24
666 —— -0.14 3 .8 74
750 -0.4—^+0.4 2-2 .4 24
*Taken from Shtern (65).
reported values of, the energy of activation which varied 
between 43 and 76 kcal/mole. It was concluded that the acti­
vation energy was a function of both the temperature and the 
mixture composition. Thus the expression generally accepted 
for the maximum rate
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^max = kCcH*]™ [Og]*
did not satisfy the actual kinetic law determining the course 
of the reaction. These authors also detected a considerable 
variation in the kinetic laws of the reaction with respect to 
the nature and surface condition of the reaction vessel.
Range of Pressure 
Only a limited number of investigations on the effect 
of pressure on the homogeneous, gas-phase oxidation of methane 
have been made. In fact it can be stated that only a limited 
number of studies have been reported in the literature con­
cerning the effect of pressure on the homogenous, gas-phase 
oxidation of paraffinic hydrocarbons. Since the initial in­
vestigation by Newitt and Haffner (45), only the elevated 
pressure studies of Newitt and Szego (46), Wiezevich and 
Frolich (80), Paris (52), and Furman and co-workers (19, 20) 
have been reported in the literature on methane oxidation.
Prior to the present investigation the maximum pres­
sure employed in a comprehensive investigation of methane 
oxidation was 4500 psi (20). The present work covers a pres­
sure range from 2000 psi to 200,000 psi. The maximum pressure 
used in this investigation exceeds the maximum pressure used 
in any study on chemical reactions reported in the literature. 
The highest reported pressure preceeding this study was 
120,000 psi (78).
CHAPTER IV
DESIGN CONSIDERATIONS FOR HIGH PRESSURE EQUIPMENT
The extreme operating conditions encountered in this 
investigation made it necessary to use multi-wall or compound 
vessels. This chapter presents the design principles used 
in the construction of such equipment.
Principles for the Design and Construction 
of High Pressure Equipment
The elastic stress distribution in a uniformly thick
cylinder is determined by the Lame relationships (34):
a = Pj - + (rp/r)2 (Pj - P q )
^  -  1
P„k2 - p. + (r</r) 2 (p. - p^)
= --------- 2-------------------- (4-2)^ - 1
and
where
= tangential stress 
op̂  - radial stress 




r_ = external radius o
r = any radius within the cylinder wall 
= internal pressure 
= external pressure
K = diameter ratio, 2r^/2r^
Inspection of Equations (4-1), (4-2), and (4-3) 
reveals that the tangential and radial stresses have their 
maximum absolute value at the inner surface and that the 
tangential stress at the bore is always numerically greater 
than the internal pressure. However, the radial stress is 
limited in value to the applied pressure. The Lame equations 
are applicable so long as the wall material of the vessel is 
not stressed beyond the range of elastic bheavior.
Since the Lame equations are not design equations, 
some criterion must be specified to set the limit of elas­
tic action. According to the theory of maximum energy of 
distortion of von Mises, the value of the strain energy of 
distortion at the limit of elastic action for a particular 
metal is a constant and is related to the three dimensional 
stresses as follows:
(at - cr̂ ) ̂   ̂ - a^) ̂  = 2(ĵ ^ = a constant
(4-4)
wherè a^ is the yield strength of the material in simple 
tension.
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The maximum shear stress at any radius within the 
cylinder wall is equal to one-half the algebraic difference 
between the maximum and minimum principal stresses (71, p. 15). 
For the Lamé distribution the longitudinal stress is exactly 
the average of the radial and tangential stress at any given 
radius. Therefore, the maximum shear stress is
T = (4-5)
Observing that a = h((X. + c ) and upon substituting Equa­
tion (4-5) into Equation (4-4), one obtains
T = T = {Fy/Vr (4-6)
where Ty is the shear yield stress. This expression implies 
that the breakdown of elastic behavior is reached when the 
maximum shear stress attains a value equal to 1/^/3"times 
the yield stress in simple tension.
In the construction of compound (multi-wall) vessels 
the inner cylinders are prestressed by shrinking the outer 
cylinder over the inner cylinder. If all the cylinders are 
of the same material, the completed vessel is designed so 
that when only internal pressure is applied at a constant 
temperature, each component of the vessel has the same shear 
stress distribution, which is the lowest possible. Since 
both the tangential and radial stresses have their maximum 
magnitude at the inner surface, the maximum shear stress also 
has its greatest value at the inner surface. Manning's
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development for this case (39) shows that the maximum shear 
stress at the inner radius of a vessel made of m geometri­
cally similar cylinders is
^max m(K2/ni - i) (4 7)
The maximum allowable pressure for elastic action is deter­
mined by setting the maximum shear stress, T^ax' each 
cylinder equal to the shear yield strength, Rearranging
Equation (4-7), combining with Equation (4-6), and setting
^i ” ^max' ^max ~ ^y'
- 1) m<T„(K^^"' - 1)P = — y----------  = — y----------  (4-8)max ^2/m ^  ĵ2/m
In addition Manning has shown that the interference 
or shrinkage per unit of radial length, 6 ,̂ required for the 
optimum shear stress distribution is
2Pi
6^ = — - (4-9)^ m E
where E is Young's modulus.
With this interference the residual shear stress in 
the completed vessel was shown by Manning to be
f 2 (1 - n/m)
> (4-10)
where To is the residual shear stress in the n^^ cylinder 
and b^ is the outer radius of the n cylinder. It is obvious
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from this equation that the maximum value of the residual 
shear stress occurs at the bore of the vessel.
In the design and construction of high pressure 
equipment, thermal stresses as well as pressure stresses 
should be considered. Whalley and Morris (79) have devel­
oped relationships for the diameter ratio, interference 
between cylinders, and shear stress distribution for a cylin­
drical vessel of similar material subjected to pressure and 
to steady-state thermal gradients. They have shown that 
all components of a compound vessel subjected to pressure 
and to steady-state thermal gradients have the same diameter 
ratio. The interference between each component, determined 
from the dimensions before assembly, is
2{(Pi - P ) - hfi )Ô =  i 2----------------  (4-11)^ m E
with
a E(T. - T_)
/3 = — ---  2_ (4-12)
(1 - y)
where a is the thermal coefficient of expansion, v is Poisson's
ratio, and T. and T are the internal and external wall tera- 1 o
peratures, respectively.
Whalley and Morris have also shown that the maximum 
shear stress within each component of the vessel is at the 
inner surface and equal to
(Pj - PpjK^/* I
-  1) ■  ....m(K - 1) 2 In K
(4-13)
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The maximum allowable operating pressure within elastic 
limits of a compound cylinder is determined by setting the 
maximum shear stress, T^ax' equal to the shear yield strength,
Rearranging Equation (4-13), replacing (P. - P ) by Pmax
and combining with Equation (4-6),
max
2/mmr„(K - 1)y +
2/mK i K2/m 2 In K ) (4-14)
2/m + HP
K2/m
m(K2/m- 2 In K
It is obvious from Equations (4-12) and (4-14) that 
the maximum allowable internal pressure is increased if the 
temperature of the inner surface is greater than the temper­
ature of the outer surface, i.e., if fi is positive. On the 
other hand, if the temperature of the inner surface is less 
than the temperature of the outer surface, then the maximum 
allowable internal pressure is decreased.
In the preceding discussion it has been implied that 
in the construction of compound pressure vessels there is no 
limit to the applied internal pressure so long as the diameter 
ratio K and the number of components m are increased. From 
a theoretical viewpoint, both the maximum shear stress 
and the residual shear stress have their maximum intensity 
(opposite in sign) at the bore of the vessel. Also the 
algebraic difference of the working stress and the residual
65
stress is equal to the shear stress in an equivalent mono­
block cylinder. Consequently, neither can have a value 
greater than one-half of the shear stress of the equivalent 
monoblock cylinder. Accordingly, as shown by Manning (39), 
the maximum pressure which can be applied without exceeding 
the limit of elastic action is
2ct„(K^ - 1)
P = — £—  -----  (4-15)
This criterion in the design of compound vessels must be 
used if the material of the vessel is to remain in the 
region of elastic action. From a practical viewpoint the 
cost of shrink-fitting the geometrically similar cylinders 
restricts the number of concentric cylinders used in the 
vessel. Furthermore the actual temperature difference which 
can be employed to achieve the shrink-fit limits the maximum 
resulting residual stress.
The preceding discussion has been restricted to the 
elastic deformation of the cylinder wall. It has been pointed 
out that the maximum allowable pressure has a limit based on 
theoretical (elastic limit) and practical (cost) grounds. 
However, it is possible to increase the maximum internal pres­
sure by causing inelastic deformation of the inner layers of 
the cylinder. Any increase in the internal pressure above 
the elastic-breakdown pressure causes inelastic deformation 
which starts at the inner wall. As the internal pressure is
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increased the region of inelastic strains moves outward 
through the wall. The internal pressure required to cause 
inelastic action to reach the outer wall of the cylinder is 
the overstrain pressure. For a cylinder which yields at 
constant stress, it can be shown (14) that the overstrain 
pressure is
P = __± In K (4-16)
The application of a pressure greater than the elastic-
breakdown pressure and less than the overstrain pressure,
P , deforms the inner layers of the cylinder inelastically os
and consequently raises the residual stresses, which in turn 
permits an increase in allowable working pressure. This 
technique is known as autofrettage. In an autofrettaged 
vessel the maximum pressure which can be tolerated without 
increasing the inelastic strains beyond that caused by the 
initial application of pressure is
r^ - r2 r, ^P .r-g— -_e + 2 In —  / (4-17)max I r,
where r^ is the radius at the outer edge of the region of 
inelastic strains (14).
Up to this point the factors to be considered in the 
selection of metals to be used in the construction of high 
pressure equipment have not been discussed. It has been 
implied that metals with the required mechanical properties
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are available. Since a discussion on the factors influ­
encing the selection of metals is outside the scope of this 
manuscript, the reader is referred to other sources (14).
Reactor Design 
The reactor, designed for 200,000 psi and 800®P, was 
a duplex vessel (shrink-fit construction) made from 18 per 
cent nickel maraging steel obtained from Vanadium-Alloys 
Steel Company, Latrobe, Pennsylvania. This nickel steel 
(Vascomax 250 CVM) is a consumable electrode, vacuum-melted 
alloy which is aged at approximately 900®P for about 3 hours, 
The excellent mechanical properties of this steel make it 
well suited for this application. Details of the reactor 
are shown in Figure 1.
In the design of compound vessels the number of 
geometrically similar cylinders and the diameter ratio must 
be determined. The cost of shrink-fitting generally limits 
the number of components to 2 or 3. In this case a duplex 
vessel was selected. For a working pressure of 200,000 psi 
at 800®F, for m equal to 2, and for a yield strength for 
the maraging steel of 211,000 psi at 800°F (77), the mini­
mum diameter ratio can be determined from Equation (4-8).
K = (2) (211,000)_____________  ^ g 6
{(2) (211,000) - (,73) (200,000)}
For the final design a diameter ratio of 6 was used.
To take advantage of thermal stresses, according 
to Equation (4-14), internal heating was employed so that
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Figure 1. Details of 200,000 psi Reactor
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the reactor would operate with a higher temperature at the 
inner wall than the outer wall. Before Equation (4-14) can 
be used to determine the maximum pressure in this case, it 
is necessary to know the temperature drop across the vessel 
wall. Since the actual temperature drop is not known, only 
a qualitative statement regarding the effect of the thermal 
stresses on the maximum pressure can be made. Inspection of 
Equation (4-14) shows that the thermal stresses introduced 
by the thermal gradient permit an increase in the operating 
pressure. So long as the inside wall temperature of the 
reactor is greater than the outside wall temperature. Equa­
tion (4-8) gives a conservative value for the pressure.
To insure that the design pressure of 200,000 psi 
is acceptable. Equation (4-15) for a monoblock cylinder 
must be used. Thus, for K = 6, (Ty = 211,000,
2(211) (103) (35)P = ---------------- = 237,000 psi
(73) (36)
which is greater than 200,000 psi. Therefore from a theo­
retical viewpoint, it can be concluded that the material of 
the vessel will remain within the limits of elastic action.
From the practical viewpoint the interference and 
the temperature difference required in the shrink-fit process 
must be compatible with the material of construction. At
room temperature the modulus of elasticity of Vascomax 250 
CVM is 26.5 X 10^ psi (77); therefore the required shrink­
age per unit of radial length from Equation (4-9) is
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6 (2)(200,000)
^ - (2)(26.5 X 106) - 0.0075 in/in
For a 2.5 inch outer radius of the inner cylinder the total 
radial shrinkage is 2.5 x 0.0075 or 0.0188 inches. Therefore 
the difference between the outside diameter of the inner 
cylinder and the inside diameter of the outer cylinder is 
0.0376 inches before assembly. Assuming that a clearance 
of at least 0.010 inches is required for assembly, the tem­
perature difference required for the shrink-fit is
(0.0376 + 0.010)AT = -------------- —  = 1700°F
(5)(5.6 X 10 )
Since the maraging steel is aged at 900°F, this 
temperature cannot be exceeded during shrink-fitting. If 
it is assumed that the inner cylinder is cooled to -100°F 
for shrink-fitting then the diametral interference is, for 
a diameter of 5.0 inches,
(ôĵ  X d) = (5) (5.6 X 10"^)(1000) - 0.01 
= 0.018 inches
For an outside diameter of the inner cylinder of 5.000 
inches, the bore diameter of the outer cylinder should be 
machined to 4.982 inches.
Because of the incompatibility of the 1700°F cal­
culated above for optimum, maximum shear stress distribution 
with the maximum permissible operating temperature of 900*F, 
the only alternative for obtaining the required residual
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compressive stress at the inner bore is to use a combination 
of shrink-fit and autofrettage. For autofrettage the depth 
of inelastic strain from Equation (4-17), for = 200,000
psi, is given by
r Rd 1.23 inches e
In most cases, either autofrettage or shrink-fit is used, but 
not both. In this case, in order to achieve the highest pos­
sible working pressure, both techniques had to be used.
The resulting maximum shear stress distribution for 
the reactor under full load at 800°P is shown in Figure 2 and 
Table 2.
Additional factors considered in the design of this 
reactor were the type of closure, the location of the gas 
inlet (and outlet), and the method of introducing thermo­
couples and electrical leads for the internal furnace. Full 
Bridgman closures were selected to seal both ends of the 
reactor since this closure is extremely reliable.
Only one electrode (electrical lead) was required 
for power input to the internal furnace since the reactor 
can be used for the ground connection. The electrode, intro­
duced through one of the reactor end plugs, was sealed with 
an unsupported area type seal which allowed electrical insu­
lation between the electrode and reactor. A detailed draw­
ing of the electrode assembly is presented in Figure 3.
Introduction of thermocouples was accomplished by 
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Figure 2. Shear Stress Distribution for Reactor
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TABLE 2
SUMMARY OF DATA FOR FIGURE 2
r/ri T X 10-3 T X 10-3 e T X 10-3 *n
Inner Cylinder
1.00 121.80 205.70 -83.90
1.20 121.80 145.70 -23.90
1.25 118.80 131.90 -13.10
1.30 110.50 118.85 - 8.35
1.50 94.00 96.50 - 2.50
2.00 69.50 51.40 +18.10
2.45 59.08 31.45 +27.63
Outer Cylinder
2.45 76.58 31.45 +45.13
3.00 50.26 22.80 +27.46
4.00 28.52 12.90 +15.62
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Figure 3. Details of Electrode Assembly
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was constructed from standard high pressure tubing, 5/16- 
inch o.d. by 1/16-inch i.d. One end of the tubing was 
sealed by welding, and the other end was connected to the 
end plug with a single cone connection.
Since both end plugs were used for the electrode 
and thermowell, the opening for the gas inlet (or outlet) 
was placed in the reactor wall. A double cone joint was 
used to connect the reactor to the high pressure tubing.
The preliminary design of the reactor was done by 
the author, but the final design and fabrication was done 
by Autoclave Engineers, Inc.
Compression Cylinder Design 
The compression cylinder, designed for a working 
pressure of 200,000 psi at 300°F, was a triplex vessel 
(shrink-fit construction) fabricated from modified 4340 
gun-steel. A free piston was located in the compression 
cylinder to separate the pressure transmitting fluid and 
the reaction mixture. The purpose of the free piston was 
to minimize the contamination of the reaction mixture with 
the pressurizing fluid and to eliminate the loss of the 
reaction mixture by the increased solubility of the gas in 
the hydraulic fluid at high pressures. Details of the com­
pression cylinder are provided in Figure 4.
For economical reasons a triplex design was selected 
for this compression cylinder. The minimum diameter ratio 
can be determined from Equation (4-8) for a working pressure
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of 200,000 psi, for m equal to 3, and a yield strength of
150,000 psi for the modified 4340 gun steel.
f (2)(150,000) I ^
^  " \ (2)(150,000) - (73)(200,000)/
In the final design a diameter ratio of 9 was used.
To insure that the shrink-fit operation does not 
cause reverse yielding. Equation (4-15) is used. Thus, for 
K = 9 and Oy = 150,000,
P .  ( 2 M 1 5 0 )a o lM ^  .  171,000 psi
(V3) (81)
The result of this calculation brings out the fact that the 
required residual stresses cannot be obtained in the shrink- 
fit operation before reverse yielding occurs. Since the 
maximum magnitude of the residual shear stresses obtained by 
shrink-fitting is obtained in the inner cylinder, the mini­
mum yield strength of this cylinder should be increased.
The minimum yield strength for the inner cylinder 
can be determined from Equation (4-15). Thus, for K = 9, 
and = 200,000,
^ (^>(81) (200.000) 
y 2(81 - 1)
with the inner cylinder made from a steel having a 
minimum yield strength of 175,000 psi and the middle and 
outer cylinders made from a steel having a minimum yield 
strength of 150,000 psi, the required residual shear stresses
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can be obtained in the shrink-fit process. However, in 
this case the shrinkage cannot be determined by Equation 
(4-9) .
It can be shown (39) that the diametral interference 
between the middle and outer cylinders for this case is




E -  1
(4-18)
o _ 0.2
where P is the residual contact pressure between the middle 
3
and outer cylinder, E is the modulus of elasticity, and r^,
r _, and r are respectively the inside radius of the 0,2 o
vessel, the outside radius of the middle cylinder, and the 
outside radius of the vessel.
Similarly the diametral interference between the 
inner and middle cylinders is
« 2  -̂0,1
r
-Of 1




where is the residual contact pressure between the inner 
and middle cylinders, E is the modulus of elasticity, and
r^, r^ and r^ g the inside radius of the vessel, the
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outside radius of the inner cylinder, and the outside 
radius of the middle cylinder, respectively.
All terms in Equation (4-18) and (4-19) are known
I I ,except the contact pressures Pg and Pg. These quantities 
are calculated from the pressure drop across the cylinder 
wall, when the reactor is loaded at the maximum operating
pressure. The pressure drop across the middle cylinder,



















Similarly, the pressure drop across the outer 
cylinder, AP^, is given by
‘̂ ^3 = "r.3 + *'3 
where f.
(K^ - 1)
For = 200,000 psi. Equation (4-21) gives a contact pres­
sure, Pg = 42,200 psi. Again, for P^ = 200,000 psi and 
P^ = 42,200 psi. Equation (4-20) gives a contact pressure 
P^ = 39,800 psi.
I •These calculated values for P^ and P^ are then 
inserted in Equation (4-18) and (4-19) to obtain the dia­
metral interferences;
(ôj. X d) 2 = 0.0178 inches
and
(6^ X d)^ = 0.033 inches
The required temperature difference for shrink-fitting 
the inner and middle cylinders is
= (7?5°x’îo-b?(4Î;i6) = 890°F
and the temperature difference for shrink-fitting the middle 
and outer cylinders is
AT = --(0.033 + 0.01)--  ^ 665°F
(7.5 X 10"°)(8.64)
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Since the maximum safe tempering temperature for the modi­
fied 4340 gun-steel is approximately 1275°F, the temperature 
requirements to shrink-fit the compression cylinder are com­
patible with the material used.
In the construction of the triplex vessel the inner 
and middle cylinders are assembled first. Then this unit 
and the outer cylinder are assembled. The outside diameter 
of the inner cylinder should be machined to 4.165 inches and 
the inside diameter of the middle cylinder should be machined 
to 4.147 inches. After shrink-fitting, the outside diameter 
of the assembly and the bore diameter of the outer shell 
should be machined to 8.644 and 8.611 inches, respectively. 
Thus, by cooling the inner units to -100°F and heating the 
outer cylinders to approximately 1000°F, the shrink-fit oper­
ation can be accomplished.
The maximum shear stress distribution for the com­
pression cylinder operating'at the design conditions is 
illustrated in Figure 5 and Table 3.
The closures selected for the compression cylinder 
were full Bridgman closures and the seal for the free piston 
was an 0-ring seal.
Intensifier Design 
The principal unit of the high pressure generation 
system was the intensifier which is shown in detail in Figure 
6  ̂ The intensifier is of monoblock construction. It has a 
dual area piston with an area ratio of 10:1. The low pressure
82
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Figure 5. Shear Stress Distribution for Compression Cylinder
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TABLE 3
SUMMARY OF DATA FOR FIGURE 5
r/r^ T X 10'-3 Tg X 10-3 Tp X 10-3*n
Inner Cylinder
1.00 100.2 202.5 -102.5
1.50 88.9 90.0 - 1.1
2.08 84.7 46.9 + 37.8
Middle Cylinder
2.08 89.2 46.9 + 42.3
3.00 61.2 22.5 + 38.7
4.32 47.9 10.6 + 37.3
Outer Cylinder
4.32 70.9 10.6 + 60.3
6.00 36.9 5.6 + 31.3
9.00 16.4 2.5 + 13.9
84
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Figure 6 . Details of Intensifier Assembly
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end of the Intensifier was fabricated from modified 4340 
gun steel and the high pressure end was fabricated from 
VasccHoax 250 CVM. 0-rings were used to seal the closures 
on the intensifier, and a full Bridgman seal was used to 
seal the high pressure piston. The intensifier assembly 
was designed and built by Autoclave Engineers, Inc.
In order to generate 200,000 psi and to overcome 
frictional losses the low pressure cylinder of the inten­
sifier must operate satisfactorily at a pressure which is 
slightly greater than 20,000 psi. For a diameter ratio of 
1.538 and a minimum yield strength of 150,000 psi the elas­
tic-breakdown pressure is
P = (150,000)(1.365) _ 50,000 psi.
(75)(2.365)
The elastic-breakd own pressure is considerably larger 
than the operating pressure of 20,000 psi on the low pres­
sure side; therefore, the cylinder wall of the low pressure 
end of the intensifier will always remain in the region of 
elastic action.
In contrast to the low pressure side, the cylinder 
wall of the high pressure side of the intensifier does not 
remain in the region of elastic action throughout the wall 
since, from Equation (4-8) with K = 5, m = 1, and Uy =
250,000 psi,
(2.5) (10®) (24)
-------  138.600 psi
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Thus, upon applying an internal pressure of 200,000 psi, 
the inner layers of the monoblock cylinder are deformed 
inelastically. After release of this internal pressure the 
wall will respond elastically as long as the applied pres­
sure does not exceed 200,000 psi. The depth of the inelas­
tic strains can be determined from Equation (4-17) to be:
r^ S3 0.612 inches
The maximum shear stress distribution for the high 
pressure cylinder of the intensifier is shown in Figure 7 
and Table 4.
TABLE 4 
SUMMARY OF DATA FOR FIGURE 7
r/r^ T X 10“^ Tr X 10-3
1.0 144.34 208.30 -63.96
1.1 144.34 172.15 -27.81
1.2 144.34 144,65 - 0.31
1.225 138.80 138.80 0
2.0 52.08 52.08 0
3.0 23.14 23.14 0
5.0 8.33 8.33 0
Auxiliary High Pressure Equipment 
The tubing used in the high pressure system was 
obtained from Harwood Engineering Company, Inc. This
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Figure 7. Shear Stress Distribution for Intensifier Assembly
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standard composite (duplex) tubing, 3/4-inch o.d. by 1/16- 
inch i.d., had a strength rupture pressure rating exceeding
200,000 psi. The high pressure valves and fittings (tees, 
elbows, gland nuts, etc.) were designed and supplied by 
Autoclave Engineers, Inc. The pressure rating of these 
valves and fittings was 200,000 psi. All connections in 
the high pressure system were double cone connections.
The system pressure was measured with a manganin 
pressure cell obtained from Harwood Engineering Company, Inc., 
and recorded on a Foxboro Dynalog recorder. The pressure 
rating of the manganin pressure cell was 200,000 psi.
CHAPTER V
DESCRIPTION OF EXPERIMENTAL EQUIPMENT
The equipment used in this investigation was designed 
so that the partial oxidation or slow combustion of methane 
could be studied in a batch system at high pressures. Two 
reactors were used in this investigation. One reactor, 
loaned by Continental Oil Company, had a pressure rating of
25.000 psi at 1000°F. The other reactor, fabricated by 
Autoclave Engineers, Inc., had a pressure rating of 200,000 
psi at 800®F.* The reactor designed for 25,000 psi was made 
from 19-9DL.alloy steel, whereas the reactor designed for






















The 25,000 psi reactor was externally heated by an electric 
furnace. The 200,000 psi reactor was surrounded by a hot 
oil bath and contained an internal electrical heating element.
The process involves the preparation of the feed 
mixture at low pressures followed by compression and storage 
of the mixture at two pressure levels. This portion of the 
system was common for both reaction systems. In the 25,000 
psi system the reactor was charged from the high pressure 
accumulator. At the completion of the run the reactor con­
tents were expanded, cooled, and collected in a closed sys­
tem. In the 200,000 psi system the reactor was charged by 
the high pressure generation unit. At the completion of the 
run, the reactor contents were expanded, cooled, and col­
lected in a closed system. In the discussion which follows 
it is convenient to divide the process scheme into five 
sections: (1) feed preparation and intermediate pressure
storage system, (2) 25,000 psi reaction system, (3) 200,000 
psi reaction system, (4) product section, and (5) auxiliaries. 
The design of the 200,000 psi reaction system has been pre­
sented in the preceding chapter and the analytical equipment 
is discussed in Chapter VII.
Feed Preparation and Storage System
The principal components of the feed system were 
the low pressure gas-holder, the intensifier unit, the 
intermediate pressure accumulator, the pressure generation 
unit, and the high pressure accumulator. The feed system 
flow diagram is presented in Figure 8.
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Figure 8 . Process Flow Diagram of Feed System
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The hazards involved in mixing oxygen and methane 
necessitated the low pressure preparation of the feed mixture. 
Mixing of the methane and oxygen was accomplished in a gas 
holder which had a volume of 18,000 cubic inches. This 
non-shatterable vessel, originally designed to contain 
breathing oxygen for the military, was 24 inches in diameter 
and 48 inches long (includes the hemispherical heads). The 
pressure rating of this gas holder was 400 psi. Two 1/4-inch 
openings, one in each head, were used for the feed gas input- 
output line and the input-output line to the Sprague, air- 
driven, hydraulic pump (also used for maintaining a constant 
pressure on the intermediate pressure accumulator). The 
bottom opening was connected to the discharge of the liquid 
pump by standard 1/4-inch o.d. by 1/8-inch i.d., 304 stain­
less steel tubing and to the drain line. The top opening 
was connected to the feed gas manifold, a pressure gauge, 
a relief valve, and the feed line to the intensifier unit.
The relief valve was a 1/2-inch high capacity gas valve 
with a pressure setting of 350 psi.
The feed mixture was transferred to the intermediate 
pressure accumulator by the intensifier unit which was de­
signed for a maximum pressure of 10,000 psi. The intensifier 
unit consisted of two oil reservoirs, two high pressure cyl­
inders, and a Seco high pressure radial pump. Model No. 20LAH-3.
Storage of the feed mixture at an intermediate 
pressure (approximately 5500 psi) was provided by a gas
93
accumulator obtained from Autoclave Engineers, Inc. The 
accumulator, manufactured from 4340 alloy steel, was 12- 
inches o.d. by 8-inches i.d. by 52-inches internal length.
This vessel was sealed with an 0-ring self-sealing closure.
The vessel had three openings in the top cover and two at 
the bottom; all connections were 3/8-inch AE cone connections. 
A pressure gauge, a rupture disc safety head assembly, and 
the feed gas input-output line were connected to the three 
openings in the top cover. One of the openings in the bottom 
of the accumulator was connected to the air-driven, hydraulic 
pump and the other bottom opening was connected to the drain 
line. The working pressure of this intermediate pressure 
accumulator was stated to be 15,000 psi at 72®P. The vessel 
was hydrostatically pressure tested at 22,500 psi at 72°F.
The rupture disc was rated at 20,000 psi at 72°F.
The pressure in the accumulator was maintained at 
the desired storage pressure by pumping distilled water 
into the bottom of the accumulator with a Sprague, Model 
S-216-C-100, air-operated puitç>. The hydraulic fluid output 
pressure was 8800 psi for an input operating air pressure 
of 100 psi. The desired fluid discharge pressure could be 
regulated by properly adjusting the supply air pressure with 
a pressure regulating valve provided with the pump. Pro­
visions were made to pump water to the accumulator or to 
the gas holder.
Since the feed mixture was stored over water, the 
gas was dried and filtered before being compressed to still
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higher pressures. The dryer shell was a standard Auto­
clave Engineers Kuentzel Bomb, 1-inch i.d. by 8-inches 
internal depth. The vessel was manufactured from 316 
stainless steel having a specified yield strength of
60.000 psi. Each end of the double-ended vessel had a 
confined copper, compression gasket-type closure. The 
maximum working pressure of this vessel was stated to be
10.000 psi at 650*P. Drierite was used as the desiccant. 
The filter was a standard Autoclave Engineers filter (No. 
5C-A) with sintered metal discs.
After drying and filtering the feed mixture the 
pressure was increased to the desired storage pressure by 
the intermediate pressure generation unit which consisted 
of an air-driven hydraulic pump and the 25,000 psi compres­
sion cylinder. This compression cylinder; 3-inches o.d. 
by 1 5/16-inches i.d. by 16-inches internal depth, was 
originally used at the University of Michigan as an oil 
separator (37). This vessel was machined from heat-treated 
stainless steel, Series 400, and was fitted with an 0-ring 
seal on the top closure. For the present application the 
bore was reamed and honed to a mirror finish. An aluminum 
piston, 2024-T351, was used to separate the hydraulic oil 
from the feed mixture to minimize contamination and loss 
of the feed gas. The seal between the piston and vessel 
bore was. accomplished with a single Buna-N 0-ring with two 
Teflon back-up rings. In the early part of this work the
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piston was activated by pumping oil with a 40,000 psi, hand- 
operated hydraulic jack. Later an air-driven, hydraulic 
pump was used. Details of this assembly are presented in 
Figure 9.
The compressed gas was stored in the high pressure 
accumulator which was also obtained from the University of 
Michigan. This accumulator,which had a working pressure of
25,000 psi, was constructed from a surplus 75-mm gun barrel 
by welding end-plugs into the bore of the cylinder (37).
Two, 1/4-inch high pressure connections were provided for 
the inlet and outlet lines and a 25,000 psi pressure gauge.
Photographs of the feed system are presented in 
Figures 10 and 11. In Figure 10 the low-pressure gas holder 
is shown in the center and the intermediate pressure accumu­
lator is shown on the far left. In Figure 11 the high 
pressure compression cylinder is shown in the right center 
of the picture and the high pressure accumulator is shown 
on the far right.
25,000 psi Reaction System
A schematic diagram of the reaction system and 
associated equipment is shown in Figure 12. Continental Oil 
Company, Ponca City, Oklahoma, provided the reactor and 
electric furnace which are discussed in detail in this section.
The reactor, designed by P. A. Lobo of Continental 
Oil Company and C. M. Sliepcevich of the University of Okla­
homa (15), was machined from 19-9DL alloy steel which was
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Figure 10. Equipment Inside the High Pressure Cell
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Figure 12. Process Flow Diagram of 25,000 psi Reaction System
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heat-treated for 4 hours at 1650°F and air-cooled. The 
reactor, 4-inches o.d. by 1 1/4 inches i.d. by 30-inches 
internal depth, was designed for a working pressure of
25,000 psi at 1,000°F. The top closure was sealed with a 
full Bridgman self-sealing closure using Garlock #934 
shredded metal packing (see Figure 13A). The end-plug, 
threaded and coned on one end, was connected to a top cross 
assembly (see Figure 13B). Two 1/4-inch connections, two 
3/8-inch connections, and the connection for a safety head 
assembly had been provided by the top cross assembly, but 
in this investigation two of the connections were plugged. 
The rupture disc, which provided relief protection for the 
reactor, was rated at 30,000 psi at 72°F. Meta1-metal 59° 
to 60° conical joints were used to seal all couplings. The 
reactor base closure assembly (see Figure 13C) provided 
three connections; the bottom connection was used for a 
thermowell and the two side connections were used for 
determining the system pressure. The thermowell, 3/8-inch 
o.d. by 1/8-inch i.d. by 40-inches long, 347 stainless 
steel tubing which was welded over at one end, extended 
the internal length of the reactor body. Four iron-constan- 
tan thermocouples, one located at the top of the reactor, 
two located at the center of the reactor, and one located 
at the base of the reactor, measured the reactor temperature. 
Three of the temperatures, top, center, and bottom, were 
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remaining center temperature was recorded on a Bristol 
single-point recorder which had a chart speed of 2h inches 
per minute.
The reactor pressure was measured by a Heise pres­
sure gauge, 0-20,000 psi range with 20 psi scale divisions, 
and a manganin pressure cell. Pressure records were obtained 
by a Foxboro Dynalog recorder connected to the manganin pres­
sure cell.
The reactor was supported inside an electric furnace 
by an adjustable semi-circular support which rested beneath 
the top flange of the reactor. The support was machined to 
accept the bottom part of the flange studs. Alignment of 
the reactor was accomplished by an adjustable brace located 
at the base of the reactor. The reactor and electric furnace 
were mounted in an angle iron and pipe framework. Removal 
of the reactor was accomplished by removing half of the 
cylindrical housing of the furnace.
The furnace was heated by 24 Chromalox heating 
elements, 200 watts each, arranged so that 8 elements con­
nected in series constituted a set. Four elements of each 
set were mounted in the detachable half of the furnace 
housing. Power input to the three sets of heating elements 
was supplied by three Powerstat variable transformers. . Insu­
lation for the furnace (approximately 8 inches thick) was 
placed in the annular space of the housing.
The furnace and framework for the reactor are shown 
on the far right and left in Figures 10 and 11, respectively.
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200,000 psi Reaction System 
In Figure 14, the 200,000 psi reaction system is 
shown schematically. For runs above 15,000 psi, the pre­
viously described reaction system was replaced by a 200,000 
psi system. It is convenient to divide this system into 
two sections: (1) the high pressure generation system and
(2) the reactor.
High Pressure Generation System
The main items of the high pressure generation sys­
tem were the air-driven, hydraulic pump, the intensifier, 
and the compression cylinder.
The generation of pressure was accomplished by 
charging the compression cylinder and reactor with the 
reaction mixture from the high pressure accumulator. Appro­
priate location of valves allowed the pressure to be increased 
to 23,000 psi. At this time the high pressure intensifier 
was activated and the reactor pressure was increased indi­
rectly by the hydraulic pump. Provisions were made to 
recycle the intensifier and the free piston in the compres­
sion cylinder so many times as might be required to obtain 
the desired reactor pressure.
The SC air-driven, hydraulic pump. Model No. 10-600, 
was designed to deliver hydraulic fluid at 30,000 psi with 
an air supply of 100 psi. The fluid discharge pressure 
could be regulated by adjusting the pressure of the air 
supply with a pressure regulating valve. The hydraulic
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Figure 14. Process Flow Diagram of 2 00,000 psi Reaction System
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fluid, Plexol 201, which was stored in a 2000 ml oil 
reservoir, was filtered before being admitted to the pump.
Although design of the intensifier was discussed in 
the preceding chapter, additional details are presented in 
this section. The intensifier, 1-inch i.d. on the high pres­
sure end, 5-inches o.d., 30-inches overall length, and 
weighing 150 pounds, was mechanically operated with the
30.000 psi air-driven hydraulic pump. The low pressure end 
was fitted with a 3/8-inch AE cone connection for the pump 
discharge line and a 1/8-inch pipe connection to vent the 
cylinder cavity during the pressure stroke. Piston location 
was determined by the displacement of the oil which the 
cavity contained. The volume of displaced oil was measured 
in a 1000 ml graduated vessel connected to the 1/8-inch pipe 
connection. A standard 3/4-inch double cone connection was 
provided for the discharge opening of the high pressure 
cylinder. Block valves and check valves permitted the 
reversal of the intensifier by the 30,000 psi hydraulic 
pump without decreasing the pressure in the reaction system. 
All valves, fittings, and tubing (1/4-inch o.d. by 0.083- 
inch i.d., 304 stainless steel) used on the low pressure 
side of the intensifier had a minimum pressure rating of
30.000 psi.
The compression cylinder, shown in Figure 15, was 
a triplex vessel fabricated from 4340 gun steel. This vessel, 
18-inches o.d. by 2-inches i.d., by 15-inches internal and
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Figure 15. 200,000 psi Compression Cylinder
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40-inches external length, and weighing 2400 pounds, had a 
free-piston to separate the hydraulic oil from the reaction 
mixture. The piston not only minimized contamination of 
the reaction mixture, but it also prevented loss of the gas 
in the hydraulic oil. One end of the compression cylinder 
was connected by 3/4-inch o.d. by 1/16-inch i.d. composite 
(duplex) tubing to the discharge of the high pressure cyl­
inder of the intensifier and to the return line to the 
hydraulic oil reservoir. The other end of the compression 
cylinder was connected to the 200,000 psi reactor and high 
pressure accumulator with appropriate tubing and valves.
The design details have been presented in Chapter IV.
The stand which supported the compressor cylinder 
consisted of two 3/8-inch thick steel plates separated by 
four equally spaced legs made from 2 inch pipe. The top 
plate of the stand was 20-inches o.d. with a 10-inch i.d. 
hole to permit the end-plug and gland nut to extend below 
the top plate. The four legs, 13 inches long, were welded 
to the top and base plates on a 7-inch radius. The base 
plate, which was also 20 inches in diameter, distributed 
the weight of the heavy vessel over a larger floor area.
Location of the equipment inside the high pressure 
cell is presented in Figure 16. The compression cylinder 
is shown in the center of the photograph. The intensifier 
with the air-driven hydraulic pump and associated equipment 
appears at the bottom.
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Figure 17 is a photograph of the reactor. The 
design and construction of this duplex vessel was presented 
in Chapter IV.
The reactor was a compound vessel with an inside 
diameter of 2 inches, an outside diameter of 12 _inches, and 
an internal length of 10 inches. The external length was 
32 inches and the weight of the reactor was approximately 
1000 pounds. Only one opening was provided, which was intro­
duced through the wall of the vessel at one end. The reactor 
was internally heated with a 1000 watt resistance heater; 
the power input was manually controlled with a Powerstat 
variable transformer. The electrode for the heater (see 
Figure 3, Chapter IV) was introduced through the top closure 
of the reactor and sealed with an unsupported area type seal. 
The temperature inside the reactor was measured by a thermo­
couple (iron-constantan) located in the thermowell provided 
in the bottom closure of the reactor. Output from this 
thermocouple was measured with either a Leeds-Northrup 
Model 8662 or Model 8686 millivolt potentiometer and was 
recorded by a Bristol strip chart recorder.
The pressure in the reactor was determined with a 
Harwood manganin gauge and recorded on a Foxboro Dynalog 
recorder. The manganin gauge consisted of a manganin wire 
coil encased in a 200,000 psi pressure cell. The wire coil 
has a linear change of resistance with pressure.
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Figure 17. 200,000 psi Reactor
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Internal heating of the reactor was accomplished 
with a 1000 watt resistance heater constructed from 30 feet 
of 18B and S gage Chrome1 A wire coiled around a piece of 
30 mm Pyrex glass tubing, 8*5 inches long. Spacing of the 
coil was accomplished by covering one-half of the bare 
resistance wire with ceramic beads, 0.17 inches o.d. by 
0.068 inches i.d. This 15 feet of insulated wire was coiled 
around the Pyrex tubing, ending at the bottom of the support. 
The uninsulated portion of the wire, starting at the bottom 
of the Pyrex support, was coiled between the turns of the 
insulated wire. A high temperature adhesive, which was re­
sistant to thermal shock, was used to cement the coiled 
wire to the Pyrex support. The internal heater with the 
end-plug of the reactor and other 200,000 psi fittings is 
shown in Figure 18.
The hot oil bath for the reactor was a vessel, 24 
inches in diameter and 36 inches deep, filled with cotton­
seed oil. Since the end closure of the reactor prevented 
the reactor from resting directly on the bottom of the oil 
bath, a 3/8-inch thick steel ring, 12-inches o.d. by 6- 
inches i.d., and supported by four legs, was welded to the 
bottom of the oil bath to support the reactor. The cover 
for the tank was a 1/4-inch thick steel plate which rested 
on the outer edge of the vessel and was held in place by lugs 
welded to the inside of the vessel wall.
Six, 1000 watt chromalox strip heating elements 




Figure 18. Internai Heater and High Pressure Fittings
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Thermon "T-3" was used to increase the effective contact 
area between the heating elements and the wall of the vessel. 
The remaining area surrounding the embedded strip heaters 
was filled with asbestos cement. Kaylo high temperature 
pipe insulation, 2 inches thick, was then used to insulate 
the oil bath. The power input to the heaters, which were 
connected in parallel, was controlled by a Powerstat variable 
transformer supplied by a 240 volt circuit. A Chromalox 
heating cartridge (750 watts), placed in a heater well extei^d- 
ing through the cover plate, was connected in series with a 
Fenwall Thermoswitch temperature controller located in the 
wall of the vessel. It provided a trim control for the 
oil bath.
Continuous agitation of the oil by an air-driven 
"Lightnin" mixer, (Model No. AR-25) improved the heat trans­
fer coefficient and maintained a more constant temperature 
throughout the oil. The temperature of the oil bath was 
measured by two iron-constantan thermocouples placed in 
stainless steel thermowells which extended through the 
cover plate.
Product Section
The product section, common to both reaction sys­
tems previously described in this chapter, was a closed 
system designed to "freeze" the reaction and to collect 
the products of the reaction at a relatively low temperature 
and pressure. "Freezing" the reaction was accomplished by 
expanding and cooling the reactor contents.
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The product cooler was constructed from a 17-inch 
length of 8-inch, schedule 40, carbon steel pipe and a 1/4- 
inch thick steel plate. The steel plate was drilled and 
fitted with a 1/4-inch Speedline coupling which was welded 
in place. Approximately 20 feet of 1/4-inch o.d. by 1/8- 
inch i.d., 304 stainless steel tubing was coiled on a 5-inch 
diameter and placed in the pipe shell. A thin film of poly­
ester resin was applied to the inside of the water jacket 
to prevent rusting.
The product receiver, designed for a working pressure 
of 500 psi at 72°F, was constructed from a 24-inch length 
of 4-inch, schedule 40, pipe jacketed by a 6-inch, schedule 
40, pipe which was 22%-inches in length. Standard 4-inch, 
schedule 40, pipe caps were used for the covers of the re­
ceiver. The jacket was sealed with 1/8-inch thick steel 
plate. Three, 1/4-inch pipe connections were located in 
the top cover of the receiver for installation of a pressure 
gauge, a gas sampling system, and the product inlet line.
One, 1/4-inch pipe connection was installed in the bottom 
cover for the liquid sample and drain line.
Preliminary tests indicated that the volume of the 
product receiver was too small for the entire range of 
pressures to be covered in the investigation; therefore, 
a second receiver was added to the product system. This 
receiver was a 500 cu. in. stainless steel cylinder orig­
inally built to contain breathing oxygen.
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Gas samples for analysis were collected in 1CC-3AA 
gas cylinders. Liquid samples were collected by freezing 
the condensable components at dry ice temperature.
Auxiliaries
All of the high pressure equipment used in this 
investigation, excluding the Sprague air-driven, hydraulic 
pump and the intermediate pressure intensifier unit, was 
located inside the high pressure cell. The original high 
pressure cell was 12-feet long by 12-feet wide by 8-feet 
high. The cell walls were constructed from a 1/4-inch thick 
cold-rolled steel plate backed by a 2-inch thick tongue and 
groove wood framing. The ceiling was made from 2-inch thick, 
tongue and groove wood, supported on 2-inch by 8-inch wood 
beams spaced 15 inches apart. The entrance to the barricaded 
cubicle was covered by a heavy Manila rope blasting mat.
In the early phase of this investigation when only 
a limited number of people occupied the first floor of the 
building where the high pressure facilities were located, 
the original barricades were adequate. However, before the 
studies at the extremely high pressure could be completed, 
it was necessary to incorporate additional safety precautions. 
A blow-out panel, 6 feet by 8 feet, was installed in the ex­
terior wall of the high pressure cell. The exposed area 
behind the blow-out panels was protected by a Manila rope 
blasting mat installed approximately 3 feet from the outside 
of the blow-out panel. A 1/4-inch thick cold-rolled steel
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plate backed by a wooden layer was also installed to pro­
vide a barricade on the west side of the cell which was not 
barricaded in the original facilities. To insure the safety 
of the personnel occupying the second floor of the building, 
the ceiling of the high pressure cell was covered with a 
















North Exterior Wall 
Blasting Mat (Outdoors)
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Additional safety features of the high pressure 
facilities included the installation of a 1725 rpm exhaust 
fan driven by a 1/4-hp explosion-proof motor. All relief 
valves, rupture discs, and vents were connected to a common 
vent line which extended outside the building. All valves 
had extensions through the cell wall so that all required 
operations at high pressures could be performed without 
going into the cell.
The size and weight of the high pressure equipment 
presented minor problems in the installation of the equip­
ment inside the high pressure cell. An A-frame with a one- 
ton chain hoist was placed on top of the high pressure cell 
for installation and maintenance of the 200,000 psi reactor 
and compression cylinder. Further, the wooden floor of the 
high pressure cell was braced to accommodate the weight of 
the high pressure equipment.
CHAPTER VI
EXPERIMENTAL PROCEDURE
The discussion of the experimental procedure employed 
in this study on the partial oxidation of methane at high 
pressures is divided into three sections: preliminary pro­
cedures, run procedure, and difficulties encountered. Due to 
the variety of products formed in the oxidation process, a 
discussion of the analytical procedures is presented in a 
chapter devoted entirely to this subject.
Preliminary Procedures 
The hazards associated with the mixing of methane 
and oxygen and the extremely high pressures involved in this 
study necessitated mixing the reacting gases at low pressure, 
followed by a two-or three-stage operation to increase the 
pressure to reaction pressures. In the preparation of the 
feed mixture, instrument grade methane, contained in a stand­
ard lA gas cylinder fitted with a gas pressure reducing regu­
lator, was connected to the gas holder. The gas holder was 
evacuated three times with alternate purges of methane 
before starting the mixing operation. Methane was then 
added to the gas holder until the pressure was approximately
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90 psig. The methane cylinder was replaced with a lA gas 
cylinder of pure oxygen which was fitted with a pressure 
reducing regulator designated for oxygen use only. The 
connection line to the gas holder was evacuated and purged 
with oxygen before admitting the oxygen gas to the methane 
in the gas holder. The discharge pressure of the oxygen 
pressure regulator was set at 100 psig before the block 
valve between the gas cylinder and gas holder was partially
opened to add oxygen slowly to the system. Mixing the two
gases in this way greatly reduced the explosion hazards 
since the methane-oxygen mixture was always above the upper 
explosion limit for this system at ambient temperature.
The intermediate pressure accumulator and intensifier, 
both previously evacuated, were filled with the gas mixture. 
The pressure of this portion of the system (gas holder, 
intensifier unit, and accumulator) was increased to approxi­
mately 250 psig by pumping water into the gas holder with the 
air-driven, water pump. The pressure of the gas holder was 
maintained at this pressure by continuously pumping water
into the gas holder throughout the transfer of the remaining
feed mixture to the intermediate pressure accumulator.
The intensifier unit, consisting of two hydraulic 
oil reservoirs connected through a high pressure liquid pump 
to two, high pressure cylinders, was put into operation to 
complete the transfer of the feed mixture. Briefly, the 
intensifier operation involved the filling of one high
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pressure cylinder with the. gas mixture from the gas holder 
followed-by pumping hydraulic oil. from the oil. reservoirs 
into the high pressure cylinder which had been isolated from 
the gas system. The gas mixture, now at a pressure consider­
ably. greater than the pressure of the accumulator, was then 
transferred to the intermediate pressure accumulator. While
the hydraulic oil in one high pressure cylinder was being
moved back to the oil reservoir, the second high pressure 
cylinder was put into operation. This procedure was continued 
until the gas mixture in the gas holder was depleted. Deple­
tion of the gas in the gas holder was determined by the quan­
tity of water which had been pumped into the vessel.
After depletion of the gas mixture in the gas holder, 
the accumulator and intensifier were isolated from the system. 
The methane cylinder was connected to the gas holder and the 
water in the vessel was drained. A pressure of approximately 
25 psig was maintained on the gas holder during the draining 
process. After draining the water in the gas holder, the 
entire procedure was repeated until sufficient feed gas for 
a series of experimental runs was available. Since a posi­
tive pressure of methane was always maintained on the gas 
holder, the evacuation and purging of the vessel could be 
omitted in subsequent preparations of the feed mixture.
After sufficient feed had been prepared and trans­
ferred to the intermediate pressure accumulator, the pressure 
in the isolated storage vessel was increased to approximately
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5500 psi by pumping distilled water into the accumulator.
With the appropriate air pressure supplied to the air-driven 
water pump, the pressure of the methane-oxygen mixture in 
the accumulator was always maintained at the desired value.
The feed mixture was then transferred through a 
dryer, filter, and the 25,000 psi compression cylinder to 
the high pressure accumulator. Initially the high pressure 
accumulator was evacuated and the pressure of the two accumu­
lators was permitted to equalize at approximately 5500 psi. 
Additional transfer of the feed mixture was accomplished by 
activating the 25,000 psi compression cylinder. This oper­
ation involved the addition of feed mixture to the compression 
cylinder, isolation of the compression cylinder from the 
intermediate pressure accumulator, and activation of the free 
piston by pumping hydraulic oil into the compression cylinder. 
Before the acquisition of the air-driven liquid pump rated 
at 30,000 psi, the hydraulic oil was added to the compression 
cylinder with a manually-operated hydraulic jack rated at.
40,000 psi. At the end of the compression stroke, which was 
determined by the volume of hydraulic oil added to the cylin­
der, the hydraulic oil vent valve was opened to reverse the 
piston of the compression cylinder. A check valve located 
between the compression cylinder and high pressure accumula­
tor prevented the loss of pressure generated in the accumu­
lator. This procedure was repeated until the desired storage 
pressure was obtained.
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Before a run was made in the 25,000 psi reactor, 
the reactor tençierature was adjusted to the desired temper­
ature. Adjustment of- the temperature was accomplished by 
manually adjusting the three Powerstat variable voltage 
transformers. In the 200,000 psi reaction system no pre­
liminary temperature adjustments were required for each run 
since the oil bath in which the reactor was located was 
always maintained at 415®F by the on-off control provided 
by the Fenwall Thermoswitch temperature controller.
Run Procedure
In an attempt to retain a reproducible surface in 
the reactors, the reactors were always kept hot and at sub- 
atmospheric pressures between experimental runs. The latter 
condition was accomplished by isolating the evacuated reactors 
at the end of each run. Prior to each run, the product sec­
tion and the reactor were evacuated for at least 15 minutes. 
After evacuation of the reactor the reactor discharge valve 
was closed and the product section isolated. This part of 
the run procedure was identical for both reaction systems.
The run procedure for the 25,000 psi reaction system 
is discussed first. After recording the pressure of the high 
pressure accumulator and starting the Bristol single-point 
recording potentiometer, the reactor inlet valve was slowly 
opened to admit the reactants from the high pressure accumu­
lator. The apparent maximum rate of pressure increase dur­
ing the filling process to avoid premature ignition was
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approximately 1,500 psi per minute. This rate was determined 
experimentally in the early phases of this research when 
premature ignition of the feed mixture occurred during the 
charging operation. After filling the reactor to the desired 
pressure, the reactor inlet valve was closed and a stop watch 
was started. The time required to charge the reactor was 
recorded and the temperature and pressure recordings were 
marked. The course of the reaction was then followed by the 
temperature of the reactor until a maximum temperature was 
obtained. The time required to reach the maximum temperature 
after completion of the filling operation was recorded as the 
residence time. The reactor discharge valve was then opened 
to expand the gas into the product receivers.
The temperatures of the reactor and product receivers, 
and the pressures of the closed system and the high pressure 
accumulator, were recorded. A gas sample bomb and the vacuum 
trap situated in a dewar containing dry ice and acetone were 
connected to the product system. The product receivers were 
isolated from the product cooler and the reactor. The 
vacuum pump was then started and the contents of the reactor 
and product cooler were slowly passed through the vacuum trap 
to collect the condensable products. After the reactor and 
product cooler had been evacuated, the reactor discharge valve 
was closed.
Once the reactor had been evacuated and isolated, a 
gas sample was obtained in the gas bomb connected to the sys­
tem. The gas bomb was evacuated and purged with the reaction
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products at least three times before a gas sample was taken. 
All of the gas. used for purging the sangle bonb was passed 
through, the vacuum- trap. The sample.-bomb was then filled to 
a pressure of 30 psig and removed from the system.
Next, the contents of the product receiver were slowly 
passed through the vacuum trap. A needle valve was used to 
regulate the flow rate and to maintain a small positive pres­
sure (2-4.psig) on the vacuum trap during the collection of 
condensable products. After the product receivers had been 
evacuated, the vacuum trap was removed from the system. The 
condensable products were weighed and were retained in sample 
bottles for analysis at a later time.
For the experimental runs made in the 200,000 psi 
reaction system, the reaction mixture was delivered to the
200,000 psi compression cylinder and to the reactor from the 
high pressure accumulator until the pressure was equalized in 
this system. This addition of feed gas was done slowly to 
avoid ignition of the reactants. The compression cylinder 
inlet valve was then closed and the discharge flow of the 
hydraulic pump (30,000 psi) was aligned to pump hydraulic 
oil directly to the 200,000 psi compression cylinder. The 
hydraulic pump was started and the reactor pressure was 
increased to 23,000 psi. At this time the inlet valve to the 
low-pressure cylinder of the intensifier was opened to switch 
the pump discharge flow to the low pressure cylinder of the 
intensifier. Observation of the piston indicator indicated
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the-position of the intensifier piston. At the end of the 
pressure stroke of the intensifier., the inlet valve to the 
low pressure cylinder of the intensifier was closed and the 
discharge valve was opened in order to pump hydraulic oil 
into the high pressure cylinder of the intensifier. After 
reversing the intensifier the operating procedure for the 
intensifier was repeated until the desired reactor pressure 
was obtained, or until the feed mixture in the compression 
cylinder had been displaced. In the latter case the deple­
tion of feed mixture in the compression cylinder.was deter­
mined by the volume of hydraulic oil added to the compression 
cylinder (approximately 550 ml.). Then the reactor block 
valve was closed and the compression cylinder vent valve was 
opened to reverse the free piston in order to return the 
hydraulic oil to the oil reservoir. After reversal of the 
piston in the compression cylinder, the compression cylinder 
inlet valve was opened to add more feed mixture from the high 
pressure accumulator. After equalization of the pressure in 
the two vessels, the compression cylinder inlet valve was 
closed. The pressure generation cycle was repeated until the 
pressure in the compression cylinder (determined by the pres­
sure guage on the low pressure cylinder of the intensifier) 
exceeded the pressure in the reactor. The reactor inlet 
valve was then opened, and the pressure generation was contin­
ued until the desired reactor pressure was obtained.
In the above procedure it was not necessary to stop 
the hydraulic pump since the pump would stall-out when the
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force on the large piston (air-driven) was equalized by the 
force on the small piston. The air pressure on the large 
piston, was set. for a maximum oil discharge pressure, of 23 ,000 
psi since this pressure was the maximum pressure recommended 
by Autoclave Engineers, Inc. to be applied to the low pressure 
cylinder of the intensifier to avoid deformation of the inten­
sifier piston. To prevent the possibility of damaging the 
intensifier, the air pressure to the liquid pump was set to 
generate a maximum pressure of 23,000 psi and was not changed.
After the desired reactor pressure had been obtained, 
the reactor inlet valve was closed and the liquid pump was 
shutdown. The Bristol recording potentiometer was started, 
and the current to the internal furnace in the reactor, was 
adjusted to approximately 7 amps. Once the reactor tempera­
ture reached the desired level, the current to the electric 
furnace was manually adjusted to maintain that temperature.
As soon as a maximum temperature was observed, or after 120 
minutes at the desired temperature, whichever came first, 
the reactor contents were expanded into the product receiver. 
The remaining portion of the procedure was identical to that 
presented for the lower pressure system.
Difficulties Encountered
In addition to the usual problems associated with 
high pressure studies, there were several problems encountered 
in this investigation which deserve some discussion.
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The first difficulty encountered was the collection 
of. the. condensable products, of the oxidation . reaction. A 
crude liqaiid-r-vapor separator installed between the product 
cooler and product receiver was the first method atten^ted; 
however, only a small quantity of the liquid was collected 
in the separator. A system was then installed which would 
permit the collection of the condensable products by freezing. 
This system improved the situation considerably; however, 
several preliminary runs were required to develop the proced­
ure presented in the preceding section. It was found that 
the final stages of the evacuation of the product receivers 
had to be conducted through the bottom of the product 
receivers.
Another problem encountered in the early phase of 
this study was that of determining a procedure to charge the
25,000 psi reactor. It was previously stated in this chapter 
that the maximum rate of pressure increase during the filling 
of the reactor was approximately 1,500 psi per minute to 
avoid ignition of the methane-oxygen mixture during charging. 
Several preliminary runs were required to establish this 
approximate rate. Inspection of the thermocouple wires re­
vealed that the insulation of the thermocouple wires was 
discolored at the bottom of the reactor, which suggested that 
the ignition commenced at the bottom of the reactor during 
the compression of the feed mixture in the reactor.
The first major problem encountered in the 200,000 
psi reaction system was the "shorting-out" of the electrode
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introduced through the cover of the reactor when the reactor 
pressure was greater than 38,000 psi. By reducing the elec­
trode seal area, and thus increasing the air gap between the 
electrode and the end-plug, this problem was remedied.
The original packing on the piston in the high pres­
sure cylinder of the intensifier was found to be inadequate 
at pressures greater than 100,000 psi. Increasing the thick­
ness of the leather packing* from 1/16-inch to 1/8-inch pre­
vented further failure of this seal.
At pressures greater than 150,000 psi, it was observed 
that there was considerable disagreement between the reactor 
pressure as determined from the pressure gauge on the low 
pressure cylinder of the intensifier and that determined by 
the manganin pressure guage directly connected to the reactor. 
With a pressure of 22,000 psi on the low pressure cylinder of 
the intensifier the pressure in the reactor as obtained direct­
ly from the manganin gauge was approximately 170,000, rather 
than the 220,000 psi which would have been expected from a 
10:1 intensifier ratio. This difference of 50,000 psi indi­
cated an unexpected pressure drop in the system which could 
only be attributed to the viscosity of the hydraulic oil,
Plexol 201, at pressures greater than 150,000 psi. For this 
reason the hydraulic oil was diluted with petroleum ether 
(boiling range— 30° to 75°C). By using this mixture as the
*In this connection, army boot leather is superior 
to the usual commercial leathers (84).
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pressure transmitting medium the pressure losses were de­
creased to-approximately 5 per cent at 200,000 psi.
Another problem was the short -life o.f_ the 0-rings 
used to seal the free piston in the 200,000 psi compression 
cylinder. Inspection of the 0-rings after failure indicated 
that the failure was caused by the extrusion of the 0-ring. 
Installation of double spiral Teflon back-up rings would have 
been desirable; however, the width of the 0-ring grooves in 
the piston would have had to be increased to accommodate these 
back-up rings. Installation of the single back-up rings ex­
tended the life of the 0-rings. Inspection of the 0-rings 
after completion of this study indicated that the single 
spiral back-up rings were only a partial solution; double 
rings would extend the life of the 0-rings.
Although no difficulties were encountered with the 
valves during operation of the 200,000 psi system, another 
potential problem was discovered after dismantling the system 
for inspection at the conclusion of this investigation. It 
was observed that the stem of the reactor inlet valve was 
slightly distorted. A similar problem was encountered by 
Yoder (84). In the design of valves for future high pressure 
applications, modifications in the design or in the material 
used in the valve stem should be considered.
CHAPTER VII
ANALYTICAL PROCEDURE AND EQUIPMENT
The variety of reaction products from the partial 
oxidation of methane at high pressures increased the analyt­
ical problems tremendously. In addition to the reported pro­
ducts of carbon monoxide, carbon dioxide, water, formaldehyde, 
methanol, and formic acid, methyl formate and traces of an 
unidentified product were also detected in the reaction pro­
ducts. Quantitative analysis of the gas products by vapor 
phase chromatography gave satisfactory results; however, the 
analysis of the liquid products by gas chromatography failed 
to give satisfactory quantitative results for formaldehyde 
and formic acid. Quantitative determination of the formal­
dehyde and formic acid was accomplished by volumetric analyses.
Description of Chromatograph Equipment 
The vapor phase chromatograph used in this research 
was built from the components of a unit previously described 
by Skinner (66). A photograph of the chromatograph apparatus 
as installed for the present investigation is shown in Figure 
19. Since gas chromatography is a well-established analyt­






presented and only a brief description of the equipment is 
presented. For additional information on gas chromatography 
the reader is referred to the works of Knox (32) and Purnell 
(60) .
Instrument grade helium (99.99 per cent minimum purity), 
supplied in a standard lA gas cylinder, was used as the car­
rier gas for the chromatograph analysis. A two-stage pressure 
regulator was used to maintain a constant upstream helium 
pressure at a Hoke, 20-turn, metering valve. A dryer using 
5A molecular sieves (60/80 mesh) as the desiccant was in­
stalled just after the metering valve. The metering valve 
was used to regulate the helium flow rate which was measured 
by two methods; (1) a soap bubble flow meter and (2) a capil­
lary differential flow meter. In the first method, the helium 
flow rate was determined by measuring the time required for 
a soap bubble or film to rise from the bottom to the top of 
a 50 ml burette. It is reported that an accuracy of 0.1 per 
cent can be obtained with a soap bubble flow meter (60). 
Although the capillary differential flow meter did not give 
an absolute flow rate, observation of the manometer indicated 
any changes in the flow rate.
Three columns packed with different materials were 
required to analyze the products of the oxidation reaction; 
two of these columns were required to analyze the gas pro­
ducts. The column used to separate hydrogen, oxygen, nitrogen, 
methane, and carbon monoxide was prepared by packing an 8-ft.
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length of standard 1/4-inch copper tubing with 5A molecular 
sieves (60/80 mesh). The carbon dioxide content was deter­
mined with an 8-ft. length of standard 1/4-inch aluminum 
tubing packed with 180/200 mesh silica gel (4.2 grams per 
foot). Separation of the methanol, methyl formate, and 
water was accomplished with a column prepared by packing a 
10-ft. length of standard 1/4-inch copper tubing with 30 per 
cent diglycerol on 80/100 mesh Chromosorb w.
The carrier gas preheater, packed column, and thermal 
conductivity cell were located in an air bath 12 inches high 
by 12 inches long by 1\ inches deep. To insure a minimum 
temperature gradient within the air bath, two, 2400 rpm fans 
were installed; one was located high on a side and the other 
was located low on an end. To minimize radiation effects 
from the electrical heaters, a 0.040-inch thick aluminum 
sheet was placed over the two electrical heaters. Approxi­
mately one-half of the output from the fan on the low end of 
the housing was directed beneath the aluminum sheet and across 
the heaters to decrease the lag time of the thermistor sensing 
probe. The air bath temperature was controlled by a Sargent 
Model T "Thermonitor" which provided power to a pair of 
heaters of 250 and 300 watt output. This on-off temperature 
controller uses a thermistor sensing element. A check on the 
temperature control of the air bath indicated that the air 
bath temperature could be controlled within ±0.4°F at 210°F, 
which approaches the capability of the temperature controller.
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The chromatograph detector was a commercial Gow-Mac 
hot-wire thermal conductivity cell. This cell contained two 
pairs of matched tungsten filaments; one filament of each 
pair was mounted in the carrier gas and column effluent chan­
nels of a brass body. The potential unbalance in the Wheat­
stone bridge caused by the dilution of the helium carrier gas 
with the eluted components from the packed column was recorded 
by a Bristol Dynamaster d.c. millivolt instrument, Model 
1PH560-51-T46-T88X. The recorder range was -0.05 to 1.00 
millivolts; however, a shunt cell provided means of con­
verting the output signal from the bridge of the detector 
into an acceptable input signal to the recorder.
Since oxygen and nitrogen were two of the constitu­
ents of the gas to be analyzed, the gas injection system was 
designed to eliminate contamination of the gas sample with 
air. This restriction immediately ruled out the use of a 
hypodermic syringe as the means of sample injection. The 
gas sampling system consisted of a sample tube, a carrier 
gas by-pass loop, and a vacuum pump connected by three, 3-way 
valves. With this arrangement the gas sample from the gas 
sample bomb could be injected into the stream of carrier gas 
with a minimum interruption of gas flow and without contami­
nating the sample with air.
Liquid injection was accomplished with a 10-microliter 
syringe with 0.1 microliter graduations. The liquid sample 
was injected into the helium carrier gas by inserting the
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needle of the syringe through a rubber septum located in a 
standard 1/4-inch tubing tee. To insure instantaneous vapor­
ization of the liquid sample, the carrier gas was heated to 
a temperature approximately 20®C hotter than the column tem­
perature. This vaporizer was constructed from standard 
1/4-inch copper tubing, 12 feet long, coiled around a car­
tridge heater well. The void spaces between the coil and 
heater well were filled with a heat transfer medium (Thermon 
"T-3") and the unit was then insulated with standard pipe 
insulation. The power input to the 375-watt Chromalox car­
tridge heater was manually controlled by a Variac variable 
transformer. Two iron-constantan thermocouples were embedded 
in the vaporizer, and a Leeds and Northrup potentiometer was 
used to measure the temperature of the vaporizer.
Operation and Calibration of the Chromatograph
For each of the three packed columns used to analyze 
the reactants and products of the oxidation reaction, oper­
ating conditions were established. The operating conditions 
for the three analyses were:
Column Material
Helium Flow Rate (ml/min) 
Air Bath Temperature (°C) 




















With the operating conditions established for the column 
packed with 5A molecular sieves, the average retention times 
for oxygen, nitrogen, methane, and carbon monoxide were 1.7, 
2.7, 5.2, and 8.6 minutes, respectively. Ten minutes were 
required to complete the analysis. For the column packed 
with silica gel, the average retention times for methane 
(and other gases present) and carbon dioxide were 2.4 and 
7.8 minutes, respectively. The time required for this anal­
ysis was also 10 minutes. For the column packed with 30 
weight per cent diglycerol on Chromosorb w, the average 
retention times were 0.8, 1.5, and 5.75 minutes for the 
methyl formate, methyl alcohol, and water, respectively. 
However, the required time for an analysis was approximately 
12 minutes because of the tailing tendency of water, i.e., 
the water peak had a sharp, leading edge and a long, drawn- 
out trailing edge.
Since different columns and operating conditions were 
required, several samples were accumulated before the chromat­
ograph was put into operation. For the gas analyses the 
silica gel column was installed first in the air bath, and 
the system was allowed to reach steady-state conditions. A 
gas sample bomb was connected to the sampling system. The 
carrier gas flow was passed through the by-pass loop by 
switching the three valves. Evacuation and purging of the 
sample tube with gas sample was done at least three times to 
assure the elimination of air in the sampling system. The
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valves were then switched to direct the helium carrier gas 
through the sample tube, which thus completed the injection 
of the gas sample. At least three analyses were made before 
another gas sample bomb was connected to the system for anal­
ysis, and the procedure was repeated. After analyzing the 
accumulated gas samples for carbon dioxide, the chromatograph 
was shut down. The column packed with silica gel was re­
placed by a column packed with 5A molecular sieves to analyze 
the gas samples for oxygen, nitrogen, methane, and carbon 
monoxide. The chromatograph was again allowed to reach 
steady-state conditions and the procedure was again repeated 
to complete the gas analysis.
Calibration of the chromatograph for gas analysis 
was accomplished by analyzing thirteen mixtures of known 
composition. The gas standards were prepared from Coleman 
grade carbon dioxide (99.99 per cent minimum purity) , C. P. 
grade carbon monoxide (99.5 per cent minimum purity) , extra 
dry grade oxygen (99.5 per cent minimum purity), and instru­
ment grade methane (99.05 per cent minimum purity). Briefly, 
the procedure for preparing these standards was to evacuate 
and purge the 500 cu. in. stainless steel cylinder with meth­
ane at least four times before adding the desired quantity 
of methane, which was determined by a manometer connected 
to the system. The cylinder valve was then closed. The 
remaining portion of the system was evacuated and purged at 
least four times with the next constituent to be added.
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The cylinder valve was then opened, and the next component 
was added to the mixture. This procedure was continued 
until all the components of the standard mixture were added. 
For safety reasons, oxygen was always the last constituent 
to be added to the mixture.
The calibration curves determined upon analysis of 
the gas standards are presented in Figures 49, 50, and 51 
of Appendix A. Each gas standard was initially analyzed 
several times to establish the calibration curves, and then 
periodically thereafter, to check the calibration curve.
Calibration of the chromatograph for liquid analyses 
was also accomplished by analyzing mixtures of known com­
position. Reagent grade absolute methanol, practical grade 
methyl formate and distilled water were used to prepare the 
standard solutions. An analytical balance was used to deter­
mine the quantity of each of the components in the standard 
solutions. Each liquid standard was initially analyzed 
several times to establish the calibration curve. These 
standards were checked at least twice each time liquid anal­
yses were made. The calibration curves for methyl alcohol 
and methyl formate are given in Figures 52 and 53 of Appendix 
A.
An attempt was made to analyze formaldehyde and formic 
acid on the chromatograph, but the results were poor. The 
temperature required to elute formaldehyde from the column 
packed with 30 weight per cent diglycerol on Chromosorb w
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in a reasonable length of time caused the diglycerol to 
vaporize and subsequently to collect in the cavity of the 
thermal conductivity cell and on the tungsten filaments.
At lower temperatures the time required to elute the formal­
dehyde was approximately 40 minutes. The peak was so poor 
that a good quantitative analysis could not be made. Anal­
ysis of formic acid by chromatography was also rejected on 
the basis that a good quantitative analysis could not be 
obtained.
Volumetric Analysis 
Since a satisfactory quantitative analysis for 
formaldehyde and formic acid could not be obtained with the 
available chromatograph, volumetric analyses were used to 
determine their concentrations. Romijn's iodimetric method 
(62) was used to determine the formaldehyde concentration 
and neutralization with sodium hydroxide was used to deter­
mine the concentration of formic acid. The formaldehyde 
determination was found to be unaffected by the presence of 
methyl alcohol, methyl formate, and formic acid (see Appen­
dix B). The procedures for these volumetric analyses are 
well established and are presented in Appendix B.
CHAPTER VIII 
DISCUSSION OF RESULTS
In this chapter the experimental results obtained in 
the two reaction systems, previously described, are presented 
in the form of graphs and tables. For the 25,000 psi reaction 
system the data are sufficient to present the effect of pres­
sure and temperature on the residence time* and the product 
distribution for the oxidation of methane at high pressures. 
Sufficient data at 50,000 psi in the 200,000 psi reaction sys­
tem were also obtained to show the effect of residence time 
on the product distribution. However, since the remaining 
data between 50,000 and 2 00,000 psi are limited, they are 
presented only in tabular form.
Data on the effect of pressure and temperature on 
the residence time and product distribution were obtained 
in the 25,000 psi system for the following range of variables:
Range
Pressure, psi 2,000 - 15,000
Temperature, °F 552 - 644
Residence Time, minutes 0.25 - 140
Methane-Oxygen Ratio 10; 1
♦Résidence time is defined on page 143
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The experimental results are presented in Appendix D. 
Approximately 45 experimental runs, which were made to 
determine operating procedures, have been omitted. Sample 
calculations are shown in Appendix E.
The limited data obtained in the 200,000 psi system 
covered the following range of variables:
Range
Pressure, psi 15,000 - 200,000
Temperature, 476 - 517
Residence Time, minutes 0.25 - 138
Methane-Oxygen Ratio 11.5:1
All of the experimental data taken in the 200,000 psi reac­
tion system are presented in Appendix D and Table 5.
Earlier investigations at elevated pressures have 
shown that the maximum methanol yield occurs at the maxi­
mum temperature reached during the course of the reaction 
(45). In this investigation it was necessary to define three 
different residence times depending on the method of loading
the reactor and the reaction system used:
1. For the 25,000 psi system the reactor was first 
brought to the desired operating temperature. It was then 
loaded directly from the storage vessel which was maintained 
at ambient temperature. Because of the large mass of the 
reactor itself, as compared to the reactants, the tempera­
ture in the reactor at the end of the pressurizing operation 
was within a few degrees of the initial temperature of the
144
empty reactor. The instant at which the reactor was brought 
to the desired operating pressure was taken as zero residence 
time. As reaction proceeded, the temperature rose, and the 
elapsed time to reach the maximum temperature, at which point 
the reaction was frozen by dumping the contents of the reac­
tor, was taken as the residence time.
2. For the 2 00,000 psi system the empty reactor was 
first brought to the oil bath temperature of approximately 
400°F. The reactor was then loaded from the compression 
cylinder, maintained at ambient temperature, until a pres­
sure somewhat below the desired operating pressure was
reached. The internal heater was then turned-on and the 
temperature of the reactants was increased to the desired 
level with a corresponding pressure rise.
a. Between pressures of 15,000 and 5 0,000 psi the 
residence time was taken as the elapsed time 
between the instant the reactants reached the
desired temperature level and the maximum tem­
perature attained due to reaction, at which 
point the reaction was frozen by dumping.
b. Above 50,000 psi no maximum temperature due to 
reaction was observed. Therefore, for these runs 
the residence time was taken simply as the time 
the reactants remained in the reactor at the 
desired operating temperature prior to dumping. 
During the "residence period" there were essen­
tially no changes in pressure or temperature.
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Figure 2 0 is based on the results of the investiga­
tion conducted in the 25,000 psi system along with the
results reported by Newitt and Haffner (45) . Runs JLL-158, 
-160, -162, and -164, although at four different pressures 
(2190, 2040, 1900, and 1800 psi, respectively), are seen to 
agree with the results of Newitt and Haffner. Curves No. 1 
and 2, for 7000 psi, are of particular interest. Curve No. 1 
was established early in this investigation whereas Curve 
No. 2 was obtained at a later date. The results for one 
pressure level were not, obtained during one time period, 
i.e., the pressure level was altered at random to check re­
producibility. After observing this shift in the reaction 
rate. Run JLL-232 was made at 5400 psi and 586°F to check 
the reproducibility of the 5400 psi curve at the longer 
residence times. It is seen that the results of this test 
agree with the data obtained at an earlier date. It was 
pointed out in Chapter III that various authors reported 
different shapes for the kinetic curves and different values 
for the energy of activation for methane oxidation at low 
pressures, probably due to the condition or nature of the 
vessel wall. The shift in the curves at 7000 psi is thus 
attributed to a change in the nature of the reactor wall 
even though the cause for the change in the wall condition 
cannot be explained. It is interesting to observe that the 
two curves coincide at higher temperatures, which would 
indicate that the reaction rate at higher temperatures is 
not affected by the surface of the vessel.
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It was possible to establish a temperature boundary 
between the slow oxidation and spontaneous ignition of 
methane by extrapolating the curves in Figure 20 to zero 
reaction time. Figure 21 is based on the results of this 
extrapolation.
The product distributions obtained for pressures of 
5400, 7000, 10,000, 15,000, and 50,000 p&i are presented in 
Figures 23 through 39. Figure 22 has been included to show 
the methanol distribution observed by Newitt and Haffner (45). 
At each pressure level investigated the product distribution 
has been presented in three ways: (1) the yield of the in­
dividual organic liquid products, (2) the total yield of 
organic liquid products, and (3) the carbon monoxide-carbon 
dioxide ratio. From these plots it is observed that the 
methanol and total organic liquid product yields apparently 
pass through a maximum at a temperature which gives a rela­
tively short reaction time. Also an increase in pressure 
increases the yield of organic liquid products; however, the 
methyl alcohol yield increases slowly with an increase in 
pressure.
Newitt and Haffner (45) reported only traces of formic 
acid in the reaction products obtained at pressures up to 
2200 psi, but the results of this investigation show that an 
increase in pressure above 2200 psi increases the yield of 
formic acid. Since both the alcohol and acid yields increase 
with pressure, it appears that the formic acid is formed by
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Figure 25. Effect of Temperature on Carbon Monoxide/Carbon
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Figure 28. Effect of Temperature on Carbon Monoxide/Carbon
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Figure 34. Effect of Temperature on Carbon Monoxide/Carbon 
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the further oxidation of methyl alcohol. As the formic acid 
concentration becomes appreciable a secondary reaction be­
tween methyl alcohol and formic acid occurs to form methyl 
formate. At a pressure of 5400 psi methyl formate was not 
formed in quantities sufficient to analyze, but at the higher 
pressures both the formic acid and methyl formate yields 
increase-.
This trend was observed up to 15,000 psi, which was 
the maximum pressure studied in the 25,000 psi system; at the 
high pressures (50,000 psi and above), there was a consider­
able drop in the yield of formic acid accompanied by the 
absence of any detectable methyl formate. Run JLL-290 was 
made to determine the pressure effect on the formic acid and 
methyl formate yields in the 2 00,000 psi system. The results 
of this run indicate that the change in yields was not a 
pressure effect. It is interesting to note (see Figures 35 
and 36) that the methanol yield agrees quite well with the 
maximum yield of total organic liquid products. This agree­
ment may be fortuitous; however, there arise the possibilities 
that the surface temperature and material of the reactor wall 
promote the heterogeneous oxidation of methyl alcohol, or that 
the Pyrex support for the internal furnace catalyzes the de­
composition of formic acid. These possibilities will be dis­
cussed in turn.
The effect of the nature and condition of the vessel 
wall on the kinetics of methane oxidation at low pressures,*
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has been discussed in Chapter III. In addition, due to the 
different means for heating the two reactors (see Chapter V 
for details) the cylinder wall in the 25,000 psi reactor 
(19-9DL stainless alloy) was at a temperature close to the 
reaction temperature whereas the wall of the 2 00,000 psi 
reactor (18% nickel maraging steel) was at a temperature con­
siderably lower than the reaction temperature. In addition, 
the surface-volume ratio of the 25,000 psi reactor is approxi­
mately one and one-half times the surface-volume ratio of the 
200,000 psi reactor. It is thus possible to visualize the 
heterogeneous oxidation of methyl alcohol occurring at the 
surface of the 25,000 psi reactor to a greater degree than in 
the 200,000 psi reactor.
If the decomposition of formic acid occurs, there are 
two possible reactions:
HCOOH ^ Hg + COg (8-1)
or
HCOOH HgO + CO (8-2)
Reaction (8-1) can be eliminated on the basis that hydrogen 
gas was not detected in the reaction products. It has been 
reported that glass does not promote the decomposition accord­
ing to reaction (8-2) (69). The data of Perkins (54) indicate 
a higher decomposition rate for glass than previously re­
ported; however, these data were obtained at sub-atmospheric
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pressures. Assuming that the Pyrex glass does promote the 
decomposition of formic acid at high pressures, then the 
yield of methyl alcohol should be lower than found since the 
fozTTiic acid appears to be formed by the oxidation of methyl 
alcohol. On the other hand, inspection of the Pyrex glass 
structure at the end of the high pressure studies revealed 
that the surface of the glass had a frosted appearance and 
appeared to be pitted. This condition suggested that a reac­
tion was occurring on the surface of the glass. Without 
additional information this decrease in formic acid yield 
cannot be explained further.
Returning now to the two curves obtained at 7000 psi 
in Figure 2 0, no apparent change in the liquid product dis­
tribution is observed for the shift in the kinetic curve at 
7000 psi (see Figures 26, 27, 29, and 30). However, the 
CO/CO2 ratio (see Figures 28 and 31) shows a marked change at 
the higher temperatures where the two curves of Figure 2 0 
begin to merge. It is not surprising that the CO/CO^ 
ratios at the lower temperatures (longer residence times) 
agree within experimental error since the oxidation of carbon 
monoxide would tend to minimize this ratio. Because there 
is no apparent change in the liquid product distribution and 
because the wall effect on the reaction rate at higher tem­
peratures (shorter residence times) is apparently minimized 
or eliminated, the disagreement in the CO/CO^ ratios cannot 
be explained.
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The effect of pressure on the yields of methanol and 
total oxygenated liquid products based on the quantity of 
reacted methane is shown more clearly in Figures 40 through 
44. Figures 40 and 41 show the yields as a function of tem­
perature with pressure as a parameter. The data for a pres­
sure of 50,000 psi have not been included in Figures 40 and 
41 because reproducible residence times with respect to ini­
tial temperature were not obtained in the 200,000 psi reac­
tor— sufficient experimental runs have not been made to 
establish a reproducible surface effect in the 18 per cent 
nickel maraging steel reactor. However, by plotting the 
yields as a function of residence time (see Figures 42 and 
43) the effect of pressure on the yields is clearly indicated. 
Of particular interest is the reversal in methyl alcohol 
yield at 10,000 psi in Figure 42. This reversal can be 
attributed to the increase in yield of the formic acid and 
methyl formate with an increase in pressure. Inspection of 
Figure 43 shows that total yield of oxygenated liquid prod­
ucts increases with an increase in pressure; in this case 
the reversal at 10,000 psi is not observed.
The results of the high pressure runs (5 0,000 psi 
and higher) are presented in Table 5. In these runs there 
is no doubt that the reactor had not been "conditioned" by 
the oxidation process since Table 5 clearly indicates that 
an increase in temperature at a given pressure was required 
to obtain an appreciable reaction rate as more experimental
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TABLE 5
SUMMARY OF EXPERIMENTAL RESULTS AT HIGH PRESSURES METHANE-OXYGEN RATIO - 11.6 REACTOR 16% NICKEL MARAGING STEEL
Run Ho. JLL InitialTamp.P
Initial Presaura PSI X 10'
Residenca
TimaMinutas
Par Cent of Raaetad Nethana Convartad Tc




238 476 50.0 98 26.14 0.57 1.01 26.80 64.73 4.06 92.26240 485 50.0 138 6 .2 2 0.63 0.29 95.21 1.44 26.22 Ho tamparatura riaa242* 488 50.0 31.55 0.56 0.43 37.02 34.76 6 .6 6 96.82 Instantanaous raaction
246 503 50.0 122 10.47 0.15 0.93 9.47 78.98 5.21 95.99 No tamparatura riaa254 504 47.5 41 29.36 0.83 1.03 39.72 30.95 4.66 87.93352 506 50.0 111 7.12 1.35 1.18 91.64 0 .2 0 10.86 Ho tamparatura riaa258 508 50.0 7 40.10 0.64 0.45 58.13 39.28 6.29 95.16260 508 50.0 138 3.89 0.49 0.33 37.83 152.70 1.22 22.18 Ho tamparatura riaa248 509 50.0 33.29 0.73 0.45 42.31 26.79 6.42 95.72 Instantanaous raaction262 512 50.0 120 4.11 0.58 0.44 26.98 98.17 1.45 22.31 No tamparatura riaa264 516 48.0 120 3.20 0.34 0.43 23.14 84.65 2.83 54.52 No tam^ratura riaa256 517 50.0 27 35.93 0.77 0.89 39.93 26.60 5.32 95.97268 489 96.5 18 0 .22 3.10 Tharmoeoupla out266 493 95.0 120 2 .88 0 .2 0 0.60 44.35 0.13 7.50 No tamparatura riaa
270 498 100.0 90 —— 0.90 1.06 13.15 85.28 0 .66 15.24 No tamparatura riaa272 477 138.0 12 --- -- -- -- —  — 0 0 Ho tamparatura riaa280 491 136.0 120 5.11 0.13 0.61 -- 65.22 0.52 12.76 Matarial hold #100,000 psi and 415*P for 50 hours282 491 181 - 140 120 3.72 0.28 1.20 94.23 0.80 18.11 Laak at diseharga valva384 491 165.0 120 5.53 0.36 2.09 127.20 0.77 16.41 No tamparatura riaa288 496 185.0 120 5.57 0 .2 0 2.53 102.83 0 .6 8 10.99 NO tamparatura riaa292** 499 200.0 28 2.38 4.62 6.60 73.73 1.37 21.40 Initial faad contaminatad with hydraulic fluid due to 0 >ring failure
CT»
* Reaction probably initiated by internal furnace during heat-up. ** BCOOCB, - 3.28%
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runs were made. It should be remarked that approximately 45 
tests Were made in the 25,000 psi system (19-9DL stainless 
alloy'reactor) before any of the data used in this work was 
taken. It has been shown in various investigations at low 
pressures that the nature and surface condition of the reac­
tion vessel influenced the kinetics of the oxidation process, 
e.g., the oxidation rate in a “new" vessel is greater than 
the rate in an "aged" vessel.
At the higher pressures the time required to charge 
the reactor was extremely long (sometimes as long as 22 hours 
at pressures greater than 150,000 psi). The question thus 
arises as to whether or not any oxidation occurs during the 
charging process. Evidence that oxidation does not occur 
during the charging step is shown by Runs JLL-268 and 272,
In Run JLL-268 the time required to charge the reactor to a 
pressure of 96,000 psi was 5 hours. The temperature of the 
reactor contents was approximately 415°F throughout the fill­
ing operation. The temperature was then increased to 490°F, 
and it was maintained at this temperature for 18 minutes 
before freezing the reaction by expanding and cooling the 
reactor contents. Analysis of the expanded gas (no liquid 
was obtained) indicated that a reaction had not occurred. 
Another illustration is Run JLL-280. In this case the reac­
tor contents were held at 415°P and 100,000 psi for at least 
50 hours. An additional 5 hours were required to increase 
the pressure to 136,000 psi by adding more feed. The
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temperature was then increased to 490“F and maintained for 2 
hours. The conversion of oxygen for Run JLL-280 was approxi­
mately 15 per cent. The chain nature of this reaction thus 
eliminates the possibility of any measurable reaction occur­
ring while the reactor is being charged.
The unusual behavior exhibited by Run JLL-254 is 
worthy of a detailed discussion. This run was conducted at 
a pressure of 48,000 psi and an initial temperature of 504°F 
in the 18 per cent nickel maraging steel reactor. The tem­
perature slowly increased from 504°F to 517®F over a period 
of 40 minutes. At this point the temperature increased 
rapidly to 528°F and then dropped to 517°F. A second tem­
perature rise to 543®F followed shortly after the first. Both 
temperature rises were accompanied by a corresponding pressure 
rise. At low pressures a sharp rise and fall of the tempera­
ture and pressure followed by another such occurrence is known 
as the cool flame phenomenon. The cool flame phenomenon for 
methane at low pressures was first observed in 1955 by Vanpee 
(74). Prior to his observation it was believed that methane 
(and ethane) did not exhibit this characteristic observed in 
the oxidation of the heavier hydrocarbons. It is believed 
that the characteristics of the cool flame are fulfilled by 
Run JLL-254 and that the cool flame phenomenon also occurs at 
high pressures. The recorded pressure and temperature for 
this run are reproduced in Figures 45 and 46. In contrast to 
the cool flame, the hot flame can be illustrated by Figures 
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Figure 45. Cool Flame Phenomenon 
(Run JLL-254)
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Figure 45. Cool Flame Phenomenon; Pressure-Time Curve 
(Run JLL-254)
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Figure 48. Hot Flame Pressure-Time Curve (Run JLL-201)
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It is unfortunate that the run made at 200,000 psi 
was contaminated with the pressure transmitting fluid. The 
unusually high yields of aldehyde (reported as formaldehyde) 
and acid (reported as formic acid) are of special interest 
since the only alcohol detected was methyl alcohol. A 
titration of the hydraulic fluid indicated that the oil was 
neutral. It is also known from studies on the oxidation of 
heavier hydrocarbons that the corresponding alcohols, as 
well as methanol, are products of the oxidation. Since meth­
anol was the only alcohol detected, and since the hydraulic 
fluid is neutral, it seems unlikely that the hydraulic oil 
could be totally responsible for the high yields of aldehyde 
and acid.
The following characteristics of a chain reaction 
with degenerate branching were observed in this investigation. 
First, the reaction exhibited a marked induction period. 
Second, the reaction was self-accelerating. Third, the con­
dition of the reactor surface affected the reaction rate. 
Finally, the cool flame phenomenon was observed. Thus, the 
results of this investigation on the partial oxidation of 
methane at high pressures indicate that the reaction proceeds 
by a chain mechanism with degenerate branching, as first pro­
posed by Semenov (see Chapter II). However, in his mechanism 
the isomerization and decomposition of the peroxide radical 
to form formaldehyde is very fast. On the other hand, for 
the extreme pressures used in the present investigation, it
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is conceivable that the formation of formaldehyde is much 
slower and consequently could be the rate-controlling step. 
On this basis— and even though the results from this study 
are not adequate for positive, definite confirmation— the 
mechanism proposed by the writer in Equation (2-42) appears 
most plausible, at least under extreme pressures.
CHAPTER IX
CONCLUSIONS
In the oxidation of methane, -pressure has a. strong 
influence on the product distribution. In general an increase 
in pressure increases the yield of methyl alcohol and other 
oxygenated organic liquid products. At a given pressure the 
maximum yield of methyl alcohol occurs at an initial tempera­
ture corresponding to a relatively short residence time. The 
cool flame phenomenon was observed at high pressures for the 
first time; thus the phenomenon is not restricted to low 
pressures. The nature and surface condition of the vessel 
affects the kinetics of the oxidation process as well as the 
product distribution.
The most plausible mechanism for the partial oxida­
tion of methane at high pressures is by a chain mechanism 
with degenerate branching. In this proposed mechanism the 
rate of formation of formaldehyde by the isomerization and 
decomposition of the peroxide radical must be considered 
since the speed at which it occurs is most likely commen­
surate with the rate-controlling step.
It has been demonstrated that high pressure equip­
ment can be fabricated for studying chemical reactions in
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fluid systems of at least 500 cubic centimeters at pressures 
up to 200,000. psi and tempe ratures up to 800*F. It is be­
lieved that this study is the first attempt to study chemical 
reactions at pressures greater than 120,000 psi.
Due to the complexity of the oxidation process at 
high pressures, there are numerous areas where further re­
search on the oxidation of methane would be beneficial. Of 
these areas it is suggested that the first two studies should 
be: (1) The continuation of this work to determine the effect
of pressure and the presence of glass on the product distri­
bution over a pressure range of 50,000 to 200,000 psi, and 
(2) studies to determine the reaction mechanism at high 
pressures.
NOMENCLATURE
a = kinetic coefficient in general
= kinetic coefficient of chain propagation
= outer radius of n̂ '̂ cylinder 
d = diameter
E = modulus of elasticity
E^ = energy of activation
f = kinetic coefficient of chain branching
g = kinetic coefficient of chain termination
k = specific rate constant
K = diameter ratio
m = order of reaction with respect to methane concentration
= number of cylinders in compound vessel
n = concentration of active centers or free radicals
= cylinder number
= order of reaction with respect to oxygen concentration
n^ = concentration of active center i
P = pressure
= internal pressure 
Pq = external pressure 
Pgg = overstrain pressure




= residual contact pressure between middle and outer 
3 cylinder
r = radius variable
r^ = radius at outer edge of region of inelastic strain
rj_ = inside radius
r^ = outside radius
r̂ j 2. “ outside radius of inner cylinder
r^ 2 ~ outside radius of middle cylinder
R = gas law constant
5 = surface activity per unit area
t = time variable
= order of reaction with respect to pressure 
T = temperature
= inside wall temperature 
Tq ' = outside wall temperature
W = rate of chain reaction
Wq = chain initiation reaction rate
Greek
a = ratio of the concentrations of formaldehyde and methane
/3 = probability of chain breaking
= temperature variable 
y = chain length
6 = probability of chain branching
6̂  = interference or shrinkage per unit of radial length
A = symbol for difference
V = Poisson's ratio
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a = principal stress
GTj. = radial stress
çr̂  = tangential stress
0y = yield strength in simple tension
0g = longitudinal stress
T = dimensionless time variable 
= shear stress 
Tg = shear stress of equivalent simple cylinder
= residual shear stress in n^^ cylinder




= component i 
n = n^^ component
o = outside
os = overstrain
= residual condition of n^^ cylinder 
r = radial
t = tangential
y = yield point
z = longitudinal
0, 1, etc. = reactions 0, 1, etc.
= outside of component 1, etc.
[ ] = concentration
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Although gas chromatography provides a convenient 
method of sample analysis, the individual components must 
be identified and the concentration of each component has 
to be determined in some manner. Identification of com­
ponents can be accomplished by either corresponding reten­
tion times or independent analytical methods such as infra­
red and mass spectroscopy. Obviously the latter methods 
provide more positive identification; however identification 
of components by corresponding retention times is satisfac­
tory when the components of an unknown sample can be predicted 
either from previous experimental results or from reactions 
which are known to occur. In this study identification of 
reactants and products was accomplished by comparing the 
retention time of a separated component to that of the pure 
compound.
Conversion of the resulting chromatograms of the 
separated components into quantitative information is gen­
erally accomplished by peak area measurements although peak 
height measurements are satisfactory for some applications. 
Approximation of the component areas can be carried out by
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measurement of peak heights and half-band widths, by divid­
ing the peaks into trapezoids, or by using a planimeter. 
According to Knox (32) these methods are accurate to about 
one per cent if extreme care is taken in making the measure­
ments .
For the gas analysis in this work a combination of 
the first two methods was used. The areas of the oxygen, 
nitrogen, and methane peaks were determined by the first 
method since these peaks were relatively sharp and symmet­
rical when eluted from the column packed with 5A molecular 
sieves. However area approximations using triangles and 
trapezoids were used for the carbon monoxide eluted from the 
column packed with 5A molecular sieves and the carbon dioxide 
eluted from the column packed with silica gel. The total 
area of the remaining components (carbon monoxide, oxygen, 
nitrogen, and methane) was also approximated by the latter 
method since these components were not completely resolved 
on the silica gel column.
The chromatograph calibration data for gas analysis 
are presented in Tables 6 and 7. The calibration curves are 
shown in Figures 49, 50, and 51.
Calibration of the chromatograph for liquid analysis 
was accomplished by using peak height ratios rather than 
area approximations. An attempt to use areas resulted in 
less reproducible results than peak height ratios. Normally 
chromatograph analyses using component peak heights for
TABLE 6
CHROMATOGRAPH CALIBRATION DATA FOR 
CARBON MONOXIDE, OXYGEN, AND METHANE
Component Mole Per Cent' Component Area Per Cent
Standard
Methane Oxygen CarbonMonoxide Methane Oxygen
Carbon
Monoxide
G-I 97 .95 2 .05
G-II 97 .68 0.69 1.61
G-III 97.49 2 .51
97 .64 2 .36 --
98.00 2.00 — —
97 .47 2 .53 --
97 .51 2 .49 — — —
97 .57 2 .43 — — —
97 .54 2 .46 — — —
97 .63 2 .37 — — —
97 .59 2 .41 — — —
97 .75 2 .25 --
97 .72 2 .28 --
97 .72 2 .28 — ——
97 .72 2.28 — — —
97 .65 2 .35 — — —
97 .41 1.17 1.42
97 .08 1.09 1.83
97 .09 1.05 1.86
97.04 1.12 1.84
97 .32 1.07 1.61
97 .34 1.05 1.61
97 .27 1.06 1.67
97 .34 1.16 1.50
97.17 2 .83 mm mm
VO
TABLE 6 (CONTINUED)
Component Mole Per Cent& Component Area Per Cent
Standard
Methane Oxygen CarbonMonoxide Methane Oxygen
Carbon
Monoxide
G-IV 96.70 — —— 3 .30 97 .28 —  —  — 2 .72
97 .34 — - 2 .66
97.11 —  —  — 2 .89
97.13 — — — 2 .87
97 .35 — —— 2 .65
G-IV 96.70 MO 3 .30 97 .44 mm 2 .56
97 .32 -— — 2 .68
G-V 96.32 -- 3 .68 96 .34 -- 3 .66
G-VI 95 .16 -- 4 .84 95 .29 —-— 4.71
95 .15 — —— 4.85
95 .53 — —  — 4 .47
95 .24 — —— 4.76
95.16 — —— 4 .84
95 .37 — — — 4.63
G-VII 94 .99 —- 5 .01 95 .28 — — — 4.72
95 .70 -- 4 .30
95.36 — — — 4.64
95 .34 —- 4.66
G-VIII 93 .47 3.12 3 .41 93 .85 2 .96 3.19
93 .77 3 .01 3 .22
93 .96 2 .92 3 .12
G-IX 93 .34 6 .66 — — — 93 .50 6.50 —  — —
93 .53 6.47 — ——
93 .28 6.72 —  —  —
93 .29 6.71 — — —
93 .21 6.79 —  — —




Component Mole Per Cent® Component Area Per Cent
Methane Oxygen Methane M^no^de
G-X 92.81 6.78 0.38 92 .27 7.10 0.63
92 .78 6.62 0.60
92 .27 7.21 0.52
92 .69 6.68 0.63
92 .25 7.11 0.64
G-XI 92.34 --  7 .66 92.28 —  —  — 7.72
G-XII 90.47 9.53 -- 90.08 9.92 — ——
90.19 9.81 —  —  —
90.22 5.78
90.05 9.95 —  —  —
89.95 10.05 —  ——
89.84 10.16 — — —
90.21 9.79 — — —
90.13 9.87 — ——
90.25 9.75 — — —90.02 9.98 --
90.43 9.57 —  — —
90.33 9.67 —  — —
G-XlII 88.64 3.82 7.52 89.17 3 .48 7 .35
89.25 3 .46 7 .29
89.33 3 .52 7.15
89.12 3 .48 7.40
^ Carbon Dioxide-Free Basis - Carbon Dioxide is irreversibly adsorbed on
molecular sieves.
Column - 8 feet of 5A Molecular Sieves (60/80 Mesh)
Column Temperature 33°C Helium Flow Rate 90 Ml/Min
MVO00







CHROMATOGRAPH CALIB R A TIO N  FOR O XY G EN  
(C A R B O N  D IO X ID E — F R E E  B A S IS )8
C O L U M N — 8  F E E T  OF 5 A  M O LE C U LA R  SIEVES  
C O LUMN T E M P E R A T U R E  — 33®C  
C E LL  C U R R E N T — ISO MA  
H E L IU M  FLOW R A T E — 9 0  M L / M I N  









OXYGEN AREA PER CENT
Figure 49. Chromatograph Calibration for Oxygen
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CHROMATOGRAPH CALIBRATION FOR CARBON MONOXIDE 
(CARBON DIOXIDE -  FREE BASIS)
COLUMN — 8 FEET OF 5A MOLECULAR SIEVES 
COLUMN TEMPERATURE—33*C 
CELL CURRENT— ISO MA 
HELIUM FLOW RATE— 90 ML/MIN 
REGULATOR PRESSURE—20 PSIG
2 3 4 5 6
CARBON MONOXIDE AREA PER CENT






Standard Carbon Dioxide Carbon Dioxide


































Column 8 Feet of Silica Gel (180/200 Mesh)
Column Temperature 80 °C
Cell Current 150 ma
Helium Flow Rate 60 Ml/Min













COLUMN —B FEET OF SILICA GEL 
COLUMN TEMPERATURE-80'C  
CELL CURRENT-150 MA 
HELIUM FLOW RATE — 60 ML/MIN 








2 3 4 5 6 7
CARBON DIOXIDE AREA PERCENT
8
Figure 51. Chromatograph Calibration for Carbon Dioxide
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quantitative analyses require sharp, symmetrical peaks. 
Methyl alcohol and methyl formate exhibited relatively 
sharp, symmetrical peaks with little or no tailing. On 
the other hand water exhibited a much stronger tailing 
tendency than the methyl alcohol and methyl formate. 
Although water does have this tailing, the use of peak 
height ratios provided a satisfactory means for the liquid 
analyses.
The chromatograph calibration data for liquid anal­
yses are presented in Tables 8 and 9. Calibration curves 
are presented in Figures 52 and 53.
204 
TABLE 8
CHROMATOGRAPH CALIBRATION DATA 
FOR I4ETHAN0L






































































Helium Flow Rate 
Regulator Pressure









COLUMN — 8 FEET OF 30%
DIGLYCEROL ON CHROMOSORB W 
COLUMN TEMPERATURE -  I20"C  
CELL CURRENT— 150 MA 
HELIUM FLOW RATE — 110 ML/MIN  
REGULATOR PRESSURE — 20 PSIG
2 3 4  5 6 7
M E T H A N O L - W A T E R  PEAK HEIGHT RATIO
Figure 52. Chromatograph Calibration for Methanol
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table 9
CHROMATOGRAPH CALIBRATION DATA 
FOR METHYL FORMATE











Column 8 Feet of 30% Diglycerol on Chromo­
sorb W
Column Temperature 120®C
Cell Current 150 ma
Helium Flow Rate 110 Mi/Min




COLUMN -  e FEET OF 30%
DIGLYCEROL ON CHROMOSORB W 
COLUMN TEMPERATURE — I20*C  
CELL CURRENT-ISO MA 
HELIUM FLOW RATE — 110 ML/M IN  
REGULATOR PRESSURE— 20 PSIG
RATIO
0.1 0.2 0 .3  0 .4  0 .5  0 .6  0.7
M E TH Y L  F O R M A T E -W A T E R  PEAK HEIGHT
Figure 53. Chromatograph Calibration for îfethyl Formate
APPENDIX B 
VOLUMETRIC ANALYSIS
Since a satisfactory quantitative analysis for 
formaldehyde and formic acid could not be obtained with the 
available gas chromatograph, volumetric analyses were used 
for these reaction products. Although the volumetric anal­
yses used are not specific for these compounds, qualitative 
analyses on the chromatograph indicated that formaldehyde and 
formic acid were the only members of the aldehyde compounds 
and acid compounds present.
Romijn's iodimetric method (62) was used to deter­
mine the formaldehyde concentration; however there are several 
other processes available for the determination of formaldehyde. 
The iodimetric method was selected because this method is very 
accurate and methyl alcohol, formic acid, and acetic acid do 
not alter the results (70). Analysis of the liquid products 
by gas chromatography indicated that methyl formate was also 
formed during the partial oxidation of methane at high pres­
sures . It is logical to assume that methyl formate will not 
influence the formaldehyde determination either since it is 
a product of the reaction between formic acid and methyl 
alcohol. However to insure that methyl formate, as well as
209
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methyl alcohol and formic acid, do not influence the results, 
known formaIdehyde solutions containing the above compounds 
were analyzed. The results of these tests, presented in 
Table 10, indicated that formaldehyde solutions containing 
these c(impounds did not interfere with the formaldehyde 
determinations.
The procedure for the iodimetric analysis is briefly . 
described below. The liquid sample, weighed to the nearest 
tenth of a milligram (approximately one milliliter of sample 
was used), was diluted with 25 milliliters of distilled water. 
The dilute solution was mixed with 25 milliloters of 0.1 N- 
iodine solution from a burette. A 4 N-sodium hydroxide solu­
tion was added dropwise until the liquid became a clear yellow. 
After approximately 10 minutes hydrochloric acid was added to 
liberate unreacted iodine. The liberated iodine was then 
titrated with a 0.1 N-sodium thiosulfate solution. Freshly 
prepared starch solution was used as the indicator. It was 
not added until the end-point was almost reached.
The formic acid concentration was determined by neu­
tralization with sodium hydroxide since the ionization con­
stant of formic acid (2.2 x 10 is large enough to make 
this analysis feasible. Even though neutralization deter­
mines the total acid concentration, there are several reasons 
for reporting the results as formic acid. First, Newitt and 
Haffner (45) analyzed the products of the slow combustion of 
methane at intermediate pressures for total acids and, in
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particular, for formic acid. The results of their analyses 
indicated that formic acid was the only acid present. Second, 
as mentioned above, a qualitative analysis by gas chromatog­
raphy indicated that formic acid was the only acid present 
in the reaction products obtained in this study. Third, 
quantitative analysis by gas chromatography indicated that 
methyl alcohol was the only alcohol present in the reaction 
products, and methyl formate was the only ester present in 
the reaction products.
The reproducibility of the neutralization process is 
shown in Table 11. For the high concentrations of formic 
acid, the results were not as good as hoped; however these 
results were anticipated since extremely small samples were 
required to keep the consumption of sodium hydroxide solu­
tion below 50 milliliters. The results for low concentrations 
of formic acid were very good.
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TABLE 10
















1 0.7869 0.0762 0.0183 0.0183
2 0.9882 0.0957 — —— 0.0230 0.0231
3 0.9965 0.0748 — — — 0.0212 0.0212
4 1.0809 0.0713 0.0874 0.0202 0.0203
5 1.0753 0.0637 0.1116, 0.1011 0.0181 0.0180
6 1.0455 0.0704 0.1083 0.0200 0.0201
TABLE 11
REPRODUCIBILITY OF FORMIC ACID DETERMINATION
BY NEUTRALIZATION
Sample Sample Weight Formic Acid Weight
No. Grams Grams
Actual Pound
1 0.1031 0.0911 0.0854
2 0.1001 0 .0885 0.0896
3 0.1041 0.0920 0 .0839
4 0.9729 0.0197 0 .0198
5 0.9709 0.0197 0.0198
6 0.9740 0.0198 0.0196
APPENDIX C 
MAN6ANIN PRESSURE GAUGE CALIBRATION
The manganin pressure gauge and Foxboro recorder were 
calibrated by Jack Winnick (82). Another manganin coil which 
had previously been calibrated against the freezing points of 
mercury was used to calibrate the manganin pressure gauge and 
recorder simultaneously. The two manganin coils were con­
nected to a common pressure apparatus. The recorder scale 
reading was calibrated against the resistance of the standard 
manganin coil vdiich was measured on a Mueller bridge. Accord­
ing to Winnick the results indicated that the recorder reading 
was a linear function of the applied pressure. The results 
were reproducible on each of the 3 ranges of the recorder 
(50,000, 100,000, and 200,000 psi) to 0.25 per cent of the 
maximum scale reading. The results of this calibration are 





CALIBRATION BY JACK WINNICK 
e RECORDER RANGE I180
O RECORDER RANGE 2







20 30 40 50 60 70
RECORDER CHART READING
80 90 100
Figure 54. Calibration of Manganin Pressure Cell and Recorder
APPENDIX D 
SUMMARY OF EXPERIMENTAL DATA
TABLE 12
SDMMAIOr OF EXPERIMENTAL RESULTS AT ELEVATED PRESSURES MBTBANB-OXXGEN RATIO— 10:1 








Yield as Per Cent of Reacted Methane 










164 642 1800 23.0 22.64 0.84 41.99 27.69 23.48 68.28 5.05
162 641 1900 27.0 20.72 0.62 ——— 49.26 31.98 21.34 68.23 5.38160 641 2040 33.0 20.83 0.62 —— ——— 46.50 25.93 21.45 63.72 5.05
158 645 2190 18.5 17.84 0.70 53.39 30.39 18.54 73.00 5.70
5400 PSI
232 584 5400 90.0 15.97 0.70 0.99 0.84 38.65 53.55 18.50 81.39 3.90
174 586 5380 •; 76.5 16.02 0.61 0.63 — 40.26 45.78 17.26 72.75 4.58175 592 5400 40.3 18.07 0.76 0.78 41.64 41.31 19.61 72.47 4.60
207 592 5420 34.5 18.52 0 . 8 6 0.60 44.30 47.21 19.98 73.14 4.81
177 592 5380 33.0 17.88 0 . 8 6 0.70 41.72 34.49 19.44 71.77 4.30
208 595 5150 29.5 19.56 0.99 0.64 44.85 42.01 21.19 71.65 4.82
206 605 5380 11.3 21.92 1.17 0.38 48.71 33.29 23.43 70.60 5.50
173 610 5500 9.5 21.05 0.91 0.70 e*M 49.84 34.24 2 2 . 6 6 62.72 4.15
205 610 5440 8 . 6 14.09 0.75 0.25 54.75 31.01 15.09 66.95 4.60
176 622 5380 5.3 25.04 0.71 0.80 47.80 29.55 26.55 65.47 4.50 to
a\
7000 PSI
185 564 6940 8 8 . 0 14.92 0 . 6 8 2.09 0.44 32.83 46.16 18.13 82.40 5.20
230 569 6980 141.0 14.73 0.64 1.42 1.14 37.34 57.36 17.93 86.13 5.46
186 572 6960 41.5 15.08 0.75 3.03 1.09 34.76 51.02 19.95 78.58 4.97
223 573 6980 115.0 15.82 0.46 1.46 1.09 33.76 48.75 18.83 84.24 5.18
2 2 2 574 6970 54.7 16.11 1.06 3.28 3.40 33.09 51.74 23.85 77.30 5.18
184 374 6920 37.0 15.27 0.80 1.52 1.78 29.89 47.47 19.37 73.08 4.64224 575 6970 77.8 17.27 0.64 1.39 1.37 34.52 48.96 20.67 79.78 5.78226 575 6990 80.0 15.95 0.74 1.95 1.87 39.65 50.63 20.51 82.91 5.48225 577 6970 53.2 16.82 0 . 8 6 2.25 2.28 32.82 48.82 2 2 . 2 1 80.90 5.30
181 578 6950 29.8 19.20 1.07 2.48 1.58 33.62 36.00 24.33 78.35 5.23182 579 6950 32.5 23.16 0.93 2 . 8 8 3.66 30.55 40.09 30.63 72.85 5.20231 585 6940 24.0 22.61 0 . 8 8 1.58 0.83 36.03 40.23 25.90 76.10 5.22227 588 7000 18.3 23.40 0.98 1 . 8 8 2.87 43.76 38.01 29.13 67.02 4.96178 590 6880 16.3 18.14 1 . 1 1 2.99 36.51 41.75 22.24 68.60 4.24228^ 593 6980 13.0 23.51 1.08 1 . 8 6 2.96 49.46 35.40 29.41 73.52 5.53
2 2 9 b 601 6990 6 . 8 -- —a— — — » — M »=»183 606 6940 4.0 26.64 1.08 1.27 1.72 38.46 31.39 30.71 70.40 5.01
179 608 7000 -- 26.08 1.17 0.97 62.26 16.62 28.22 69.55 5.70
TABLE 12 (CONTINUED)
Run Initial Initial Residence Yield as Per Cent of Reacted Methane Total Oxygen Ms thaneHo. Tsagt. Pressure Time® Organic Conversion ConversioniTLL “P paig Minutes CHjOH Bcao BCOOa MCOOCH3 CO CO2 Liquid % %
1 0 ,000 PSI
191 553 9900 119.5 12.70 0.54 4.54 2.32 22.82 53.00 2 0 . 1 0 89.98 5.22194 562 9970 68.7 14.08 0.70 4.32 3.06 34.96 59.59 22.16 86.23 6.04192 563 9990 51.5 19.47 0.90 3.44 2.61 34.03 58.03 26.42 84.10 6.61203 568 9900 52.0 15.31 0.67 3.95 3.38 31.14 52.09 23.31 81.54 5.07
2 2 0 569 9990 41.5 15.31 0.81 3.55 5.03 23.16 52.46 24.70 76.50 4.90218 573 9950 30.2 16.61 1 . 0 2 5.67 5.41 30.40 53.99 28.71 76.41 5.27
2 2 1 575 9970 26.7 17.35 0.84 5.90 5.76 24.28 50.03 29.85 78.83 5.31204 576 9880 23.5 16.81 0.69 1.32 3.22 29.22 49.27 22.04 74.25 4.99219 587 9960 8.9 24.81 1.07 3.05 5.30 39.13 32.19 34.23 70.84 5.35193 588 9950 5.2 2 0 . 0 0 0.83 2.27 2.63 37.92 34.88 25.73 72.74 5.59
15,000 PSI to
'O
198 554 14900 125.5 15.63 0.47 2.94 2.58 7.42 56.78 21.62 88.04 4.24197 554 15000 1 1 2 . 0 13.57 0.57 6 . 0 1 3.62 21.76 56.77 23.77 90.39 5.33214 560 14900 60.8 12.51 0.72 6.71 5.01 19.90 63.45 24.96 83.10 5.72199 566 14950 34.8 15.51 0.58 4.18 3.72 2 1 . 0 2 63.96 23.99 84.86 4.80215 569 14900 26.6 16.44 0.79 6.16 6.14 23.24 52.20 29.53 81.64 5.75
2 0 0 572 14950 2 2 . 8 22.42 0 . 6 8 3.13 4.97 25.72 46.12 31.20 75.30 4.95213 575 14850 19.0 15.20 0.84 4.62 4.03 25.98 53.87 24.69 77.00 5.04217 576 14750 14.9 19.32 0.85 4.83 5.69 25.94 44.11 30.69 77.53 5.45
2 0 2 582 14900 13.7 28.96 0 . 8 6 1.91 3.42 23.65 42.29 35.15 81.00 5.99216 596 14450 26.20 1.04 1 . 1 2 2.57 48.68 21.53 30.93 79.33 6.59290® ——— 16000 — 33.90 0.96 0.74 — 57.54 25.08 35.60
a. Defined am the elapeed time between completion of charge and the maximum temperature
b. Qae aan^le bonb leaked
e. Run made in 200,000 psi system —  18% nickel maraging steel reactor
XABLB 13 
SUMMARY OF ANALYTICAL RESULTS
Gam Product Cos^altlcn 
Run Mole Per Cent^
Liquid Product Conĝ oaitlon Weight Per Cent MaterialBalances Gram-Molea of Water Determined byNO.
JLL ® 2 CO CO2 (=4 CH3 OH aCHO BCOCH BCOOCB3 HjO O2 = 2 C O2 « 2 Products Analysis
164 3.42 2.25 1.70 92.63 21.44 0.75 77.81 0.981 1.003 0.986 0.1325 0.1168 0.1207 0.1260162 3.42 2.55 1.84 92.19 20.23 0.57 ——— — —— 79.20 0.986 0.996 1 . 0 0 1 0.1287 0.1351 0.1385 0.1236
160 3.89 2.25 1.47 92.39 19.39 0.55 —— — — — — 80.06 0.979 0.999 0.997 0.1431 0.1388 0.1281 0.1348
158 2.92 2.84 1.84 92.40 16.70 0.62 82.68 0.984 0.996 0.999 0.1657 0.1730 0.1709 0.1593
5400 PSI
232 1.82 1 . 8 6 2.77 93.55 14.42 0.60 1.29 0.72 82.97 0.995 1 . 0 1 0 1.016 0.3497 0.2579 0.3950 0.3457
174 2.58 1.79 2.25 93.38 15.18 0.55 0 . 8 6 — 83.41 0.993 0.998 1 . 0 0 2 0.3153 0.3283 0.3414 0.3086
175 2.61 1 . 8 6 2.06 93.47 16.49 0.65 1.03 — 81.83 0.992 0.999 1.004 0.3209 0.3198 0.3291 0.3144207 2.54 1.91 2.25 93.30 17.71 0.77 0.83 — — 80.69 0.975 0.994 1 . 0 0 2 0.3132 0.3331 0.3434 0.2821
177 2.67 1.93 1.81 93.59 16.48 0.75 0.93 — —— 81.84 0.989 1.004 1.003 0.3327 0.3149 0.2922 0.3233




185 1.67 1 . 6 8 2.58 94.07 13.35 0.57 2.69 0.37 83.02 1 . 0 0 2 0.999 0.998 0.4528 0.4594 0.4435 0.4543230 1.39 1.89 3.10 93.62 13.28 0.54 1.84 0.97 83.37 0.994 0.996 1.003 0.4417 0.4732 0.5084 0.4346
186 2.05 1.61 2.58 93.76 13.38 0.63 3.87 0.91 81.21 0.995 1 . 0 2 0 1 . 0 0 0 0.4132 0.4392 0.4420 0.4083
223 1.57 1.72 2 . 6 8 94.03 13.50 0.37 1.79 0 . 8 8 83.46 0.990 1 . 0 0 2 1 . 0 0 0 0.4787 0.4850 0.4522 0.4680
2 2 2 2.25 1.57 2.65 93.53 14.15 0 . 8 8 4.14 2.80 78.03 0.966 1 . 0 0 0 1.008 0.4084 0.4426 0.4528 0.4037184 2.56 1.35 2.36 93.73 13.64 0.67 1.95 1.49 82.25 0.955 1.005 1 . 0 1 0 0.3935 0.4016 0.3856 0.3980
224 2 . 0 1 1.73 2.65 93.61 15.67 0.55 1.81 1.17 80.80 0.991 0.993 0.996 0.4323 0.5019 0.4545 0.4229226 1.70 2 . 0 0 2.75 93.55 14.24 0.62 2.50 1.57 81.07 0.995 0.996 1.005 0.4383 0.4735 0.4962 0.4333
225 1.90 1.67 2 . 6 8 93.75 14.94 0.72 2.87 1.90 79.57 0.992 0.998 1 . 0 0 0 0.4313 0.4427 0.4519 0.4273181 2.08 1.73 2.07 94.12 16.48 0 . 8 6 3.06 1.27 78.33 0.952 1.008 1.004 0.4431 0.4331 0.3994 0.3888182 2.60 1.45 2 . 1 2 93.83 19.57 0.74 3.50 1.71 74.48 1.014 0.999 0.996 0.3816 0.4100 0.3729 0.3987
231 2.37 1.84 2.25 93.54 20.46 0.75 2.06 0.71 76.02 0.995 1 . 0 0 0 1 . 0 0 1 0.4179 0.4176 0.4296 0.4122227 3.24 1.93 1.87 92.96 20.81 0.82 2.41 2.40 73.56 0.971 0.999 1.007 0.3489 0.3915 0.4005 0.3484178 2.97 1.50 1.93 93.60 15.36 0 . 8 8 3.64 — 80.12 0.996 1 . 0 0 2 1 . 0 0 0 0.3725 0.3486 0.3507 0.3678228
2 2 9 b 2.62 2.41 1.92 93.05 20.98 0.91 2.39 2.48 73.24 0.997 0.994 1 . 0 0 2 0.3837 0.4599 0.4583 0.3812




Gaa Product Coiq>osltlon 
Mole Per Cent*
Liquid Product Con^sition 




CO “ 2 ® 4 CH3 OB HCHO BCOCH BCOOCH3 H2 O ° 2 « 2 C ° 2 « 2 Products Analysis
1 0 ,000 PSI
191 0.97 1.18 2.96 94.89 10.28 0.41 5.28 1.76 82.27 1 . 6 0 0 1.004 0.998 0.6530 0.5956 0.5666 0.6449194 1.33 1.69 3.10 93.88 11.87 0.56 5.23 2.42 79.92 1.013 0.990 0.997 0.5429 0.6991 0.6336 0.5595192 1.54 1 . 6 6 3.05 93.75 16.27 0.71 4.13 2.05 76.84 1.024 0.985 0.992 0.5177 0.7498 0.6419 0.5499203 1.79 1.55 2.81 93.85 14.04 0.58 5.20 2.91 77.27 1.026 0.994 1 . 0 0 0 0.5161 0.5491 0.5936 0.5105
2 2 0 2.33 1 . 1 1 2.71 93.85 13.29 0 . 6 6 4.43 4.09 77.53 0.997 1 . 0 0 0 1 . 0 0 0 0.5251 0.5238 0.5265 0.5312218 2.34 1.41 2.71 93.54 14.18 0.82 6.95 4.33 73.72 0.999 0.994 1 . 0 0 1 0.4907 0.5614 0.5736 0,4875
2 2 1 2 . 1 1 1 . 2 2 2.71 93.96 14.77 0.67 7.22 4.60 72.74 0.998 0.998 1 . 0 0 0 0.5240 0.5513 0.5526 0.5218
204 2.45 1.42 2.61 93.52 16.81 0.65 1.90 3.02 77.62 0.993 0.994 1 . 0 0 0 0.4650 0.5368 0.5401 0.4600
219 2.89 1.95 1.80 93.36 21.72 0 . 8 8 3.84 4.35 69.21 1 . 0 0 0 0.997 1 . 0 0 0 0.4803 0.5145 0.5182 0.4796193 2.60 2.07 2 . 1 2 93.21 21.39 0.83 3.50 2.64 71.64 1.083 0.980 0.982 0.4429 0.5761 0.5652 0.4454
15,000 PSI
198 1.15 0.39 3.20 95.26 13.71 0.39 3.71 2 . 1 2 80.07 0.962 1 . 0 1 1 1.003 0.8160 0.5614 0.6203 0.7500
197 0.93 1.15 3.22 94.70 11.57 0.46 7.36 2.89 77.72 0.990 1 . 0 0 0 1 . 0 0 1 0.7760 0.7619 0.7826 0.7593
214 1.69 0.97 3.29 94.05 10.49 0.57 8 . 1 0 3.94 76.90 1 . 0 0 2 0.992 0.996 0.6803 0.8129 0.7499 0.6836
199 1.45 0.99 3.23 94.33 13.66 0.48 5.29 3.07 77.50 0.973 0.999 1.004 0.6926 0.7618 0.7358 0.6459
215 1.84 1.23 2.96 93.97 14.11 0.64 7.60 4.94 72.71 1.029 0.995 1 . 0 0 0 0.6632 0.7680 0.7451 0.6849
2 0 0 2.36 1.06 2.67 93.91 20.72 0.59 4.16 4.31 70.22 0.989 0.997 1 . 0 0 2 0.5938 0.6230 0.6547 0.5756213 2.28 1.28 2.85 93.59 13.92 0.72 6.08 3.46 75.82 1 . 0 0 2 0.997 1 . 0 0 2 0.6209 0.6773 0.7157 0.6236
217 2.24 1.39 2.56 93.81 17.53 0.72 6.30 4.84 70.61 0.999 0.997 1 . 0 0 0 0.6412 0.6931 0.6999 0.6400
2 0 2 1.84 1.32 2.58 94.26 25.72 0.72 2.44 2.85 68.27 1 . 0 0 2 0.997 0.997 0 . 6 6 6 8 0.7304 0.6774 0.6700
216 2.07 3.17 1.60 93.16 26.49 0.99 1.63 2.44 68.45 1 . 0 0 1 0.993 1 . 0 0 1 0.6586 0.7425 0.7951 0.6600290 0 . 6 8 3.36 1.70 94.26 31.41 0.84 0.99 66.76 1.031 0.983 0.995 0.4564 0.7101 0.6298 0.4915
50,000 PSI





Oas Product Con^sitlon 
Mol* Per Cent^
Liquid Product Compoaltion 
Height Per Cent MaterialBalances
Oran-Holes of Water 
Determined by
JLL °2 CO C°2 = 4 CH3 CH ECHO HCOOH HCOOCH3 HjO °2 « 2 c ° 2 « 2 Products Analysis
96,000 - 2 0 0 , 0 0 0 PSI
268 7.06 0 . 2 0 92.74 0.998 0.999 1 . 0 0 1
266 6.75 w a s 0.26 92.99 3.02 0 . 2 0 0.90 —  — — 95.88 1.003 1 . 0 0 1 1 . 0 0 0 0.0974 0.0228 0.0450 0.0820270 6 .2 2 0.08 0.61 93.09 —  —  — 0 . 0 1 1.35 — — 98.64 1.019 1 . 0 0 0 1 . 0 0 1 0.1452 0.1590 0.1594 0.1581
272 7.42 0.15 92.43 —  M — — "  — — — — »280 6.40 —  M 0.44 93.16 4.56 0 . 1 1 0.78 — — — 94.55 0.994 1.003 1 .0 0 2 0.1724 0.0598 0.1103 0.1589
282 6.03 0.72 93.25 3.29 0.24 1.53 "  — — 94.94 0.997 1 .0 0 2 1 .0 0 2 0.1989 0.1334 0.1901 0.1913
284 6 .2 0 —  sea* 0.82 92.98 4.99 0.31 2.71 91.99 0.998 1 .0 0 0 1 .0 0 2 0.1553 0.1565 0.2142 0.1513288 6.73 —  — — 0 .0 1 93.26 5.11 0.17 3.34 — 91.38 0.997 1 .0 0 1 1 .0 0 2 0.1427 0.1008 0.1593 0.1360292*5 6.09 — 1.15 92.76 3.38 6.15 13.44 4.37 77.03 1 .0 0 1 0.998 1.003 0.0820 0 .2 2 1 0 0.2941 0.1657
to
toO
a. Nitrogen free basis
b. Oas sangle bomb letüced
c. Contzuninated with hydraulic fluid
APPENDIX E
SAMPLE CALCULATIONS
Run No. JLL-220 Date: 9/2/64
Overall Material Balance
Reactants :
Reactor Pressure: 680 atm Reactor Volume: 683 c.c.
Reactor Temperature; 572°K Compressibility
Factor: 1.327
(From API Project 44)
Mol«as nAar<-hsn+-s = (680 atm).(683 c.c)
(1.327)(82.06 atm-cc/gm-mole - *K)(572°K)
= 7.4544 gm-moles
Components Moles Grams
Oxygen: (7.4544 gm-moles)(0.0913) 0.6798 21,7536
Methane: (7.4544 gm-moles)(0,8999) 6.7082 107.3312
COg: (7,4544 gm-moles)(0.0018) 0.0134 0.5896












Moles Gas Product = (11.1 atm)(14200 c.c.)(0.981) (82.06 atm-cc/gm-moles-°K) (293®K) 
= 6.6780 gm-moles
Reactor:
Pressures 11,1 atm 
Temperature : 5 73 ® K
Volume : 683 c.c.
Ccsnpres s ibi lity 
Factor: 1.002
(From API Project 44)
Moles Gas Product (i.002) (82.06 atm-cc/gm-moies-®K) (573®K)
Total Moles of Gas Product = 6.6780+0.1608 = 6.8388 gm-moles
Components Grams Wt.%
Oxygen; (6.8388 gm-moles)(0.0233) (32) 5.0990 4.29
CO; (6.8388 gm-moles) (0.0111) (28) 2.1255 1.79
COg: (6.8388 gm-moles) (0.0271) (44) 8.1546 6.87
Methane; (6.8388 gm-moles)(0.9305)(16) 101.8151 85.76











Methyl Alcohol: (10.7741 gm)(b.l329)/32.04







Methyl Formate: (10.7741 gm)(0.0409)/60.05 0.00733
Water: (10.7741 gm)(0.7753)/18 0.46406
Total Product Weight = 118.7271 + 10.7741 = 129.5012 grams 
Overall Material Balance = 129.5012/131.1556 - 0.9874.
The overall material balance is good; however, the 
uncertainty of the actual charge weight determined by the com­
pressibility factor is such that it is more convenient to base 
the remaining calculations on the charge weight determined by 
the sum of the weights of liquid and gas products. Thus
















Oxygen In = 21.4791 + 0.5828 (0.7273) = 21.9038 grams 
Oxygen Out = 118.7271 {0.0429 + 0.0179(0.5714) + 0.0687(0.7273)} 
+ 10.7741 {0.1329(0.5) + 0.0475(0.5333)
+ 0.0443(0.6957) + 0.7753(0.8889)}
= 20.9857 grams.
Oxygen Out/Oxygen In = 20.9857/21.9038 = 0.9581
224
Carbon Balance
Carbon In = 0.75(105.9747) + 0.5828(0.2727) = 79.6399 grams 
Carbon Out = 118.7271 (0.8576(0.75) + 0.0179(0.4286)
+ 0.0687(0.2727)} + 10.7741 (0.1329(0.375)
+ 0.0475(0.4) + 0.0443 (0.2605)}
= 80.3669 grams 
Carbon Out/Carbon In = 80.3669/79,6399 = 1.0091
Hydrogen Balance 
Hydrogen In = 0.25(105.9747) - 26.4937 grams 
Hydrogen Out = 118.7271(0.8576)(0.25) + 10.7741 (0.1329(0.125) 
+ 0.0475(0.0667) + 0.0443(0.0435)
+ 0.7753(0.1111)}
= 26.6858 grams 
Hydrogen Out/Hydrogen In = 26.6858/26.4937 = 1.0072
Water Balance 
The water balance is calculated by three methods 
and is based on the following reactions:
2CH4 + Og ^ 2CH3OH
CH4  + Og HCHO + H^O
2CH^ + 30^ -* 2HCOOH + 28^0
HCOOH + CH3 OH HCOOCH3  + HgO
2CH^ + 30g^ 2C0 + 4 H 2 O













































Equivalent Water = 0.51930 - 0.11678 = 0.40252 gm-moles 
Method #3 :































Equivalent Water = 2(0.51187 - 0.25127) - 0.52120 gm-moles 
Water by Analysis = 0.46406 gm-moles.
A correction to the liquid weight is now made in an 
attempt to balance the water. Method #3 has been selected 
to calculate the liquid product which would correspond to 
the gas product weight. This correction is made to smooth 
the data since only a small error in the determination of 
the weight of the gas products will alter the preceding 
material balances.












































Oxygen In = 21.6991 + 0.5887 (0.7273) = 22.1273 grams 
Oxygen Out = 12.2396 + 12.1006 (0.8118) = 22.0625 grams 
Oxygen Out/Oxygen In = 22.0625/22.1273 = 0.9971
Carbon Balance
Carbon In = 0.75(107.0602) + 0.5887(0.2727) = 80.4557 grams 
Carbon Out = 79.5009 + 12.1006(0.0804) = 80.4737 grams 
Carbon Out/Carbon In = 80.4737/80.4557 = 1.0002
Hydrogen Balance 
Hydrogen In = 0.25(107.0602) = 26.7651 grams 
Hydrogen Out = 25.4551 + 12.1006 (0.1078) = 26.7600 grams 






Formic Acid 0.01164 0.01164
Methyl Formate 0.00824 0.01648
Carbon Monoxide 0.07591 0.15182










Methyl Alcohol 0.05019 0.10038
F ormaIdehyde 0.00265 0.00256
Formic Acid 0.01164 0.01164
Methyl Formate 0.00824 0.01648
Total 0.13115
Equivalent Water = (0.65500 - 0.13115) = 0.52385 gm-moles
Method #3 ;





Methyl Alcohol 0.05019 0.02509
Formaldehyde 0.00265 0.00132
Formic Acid 0.01164 0.01164
Methyl Formate 0.00824 0.00824
Carbon Monoxide 0.07591 0.03795
Carbon Dioxide 0.17195 0.17195
Total 0.25619
Equivalent Water = 2(0 .51875 - 0.25619) = 0.52512 gm-moles
Oxygen Conversion = 0.51875/0.67809 = 0.7650 
Methane Conversion = (107.0602 - 101.8161)/107.0602
= 0.0490
229
Per Cent of Reacted Methane Converted to
Methyl Alcohol = (0^05019/0.32775)(100) = 15.31
Formaldehyde = (0.00265/0.32775)(100) = 0.81
Formic Acid = (0.01164/0.32775)(100) = 3.55
Methyl Formate = (0.01648/0.32775)(100) = 5.03
Carbon Monoxide = (0.07591/0.32775)(100) = 23.16
Carbon Dioxide = (0.17195/0.32775)(100) = 52.46
100.32
Per Cent of Reacted Oxygen Converted to
Methyl Alcohol = (0.02509/0.51875)(100) = 4.84
Formaldehyde = (0.00265/0.51875)(100) = 0.51
Formic Acid = (0.01746/0.51875)(100) = 3.36
Methyl Formate = (0.01648/0.51875)(100) = 3.18
Carbon Monoxide = (0.11386/0.51875) (100) = 21.95
Carbon Dioxide = (0.34390/0.51875)(100) = 66.29
100.13
